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EFFECTS OF CATHODE-RAY DIFFUSION ON 
INTENSITIES IN X-RAY SPECTRA 


By D. L. Wesster, H. CLARK, AND W. W. HANSEN 
STANFORD UNIVERSITY 


(Received December 5, 1930) 


ABSTRACT 

Rediffusion of cathode rays.—The available evidence is reviewed and conclusions 
formulated on the rediffusion constants and distribution functions needed for the cal- 
culation of effects on x-ray emission intensities. 

Thin-target x-ray intensities.—A previous paper gave the intensity of the A lines 
from very thin Ag supported on Be, as a function of voltage, in terms of the intensity 
at twice the excitation voltage as a standard. In the same terms after correction for 
two opposing effects, diffusion of cathode rays within the thin target and rediffusion 
from the beryllium, the corrected values differ from the originals by not over 2 percent. 
Possible sources of error are reviewed, and it is concluded that none can increase this 
percentage very greatly. This answers a criticism on the theoretical significance of 
these data. 

Comparison with theories.—Present wave mechanics theories involve approxima- 
tions not valid at low voltages, but subject to this qualification Bethe’s theory com- 
pares very favorably with these data. The best classical-mechanics theory is Thomas's. 
Empirically, the intensity =const. X U~®-8 log U, where U=(tube voltage) /(excita- 
tion voltage). 

Thick-target effects.—For line intensities percentage corrections for rediffusion, 
again taking the intensities at U =2 as standard, are more than twice those for thin 
targets at all voltages in the above range, and are of opposite sign. On continuous 
spectrum intensities averaged over all directions, these calculations confirm Kramers’ 
suggestion, that most of the non-linear term in the intensity formula is due to rediffu- 
sion. 


HE effects of diffusion of cathode rays on the intensities in x-ray spectra 

have become important recently, on account of improvements in research 
technique. Such improvements, in themselves, do not necessarily increase the 
effects of diffusion, but as the sources of larger errors of interpretation are 
eliminated, diffusion comes next in line for treatment. The larger errors, in 
this case, occur in the study of intensities as functions of cathode-ray energy, 
and come from two sources. One is the variety of speeds with which the 
cathode rays strike the atoms, even though they all enter the anode at one 
speed. The other is the difficulty of separating the parts of the measured 
radiation coming from atoms ionized by cathode-ray impact and by x-ray 
absorption. Both these sources of error have now been reduced to negligible 


115 








116 D. L. WEBSTER, H. CLARK AND W. W. HANSEN 


amounts, by the use of targets so thin that the cathode rays penetrate them 
without serious loss of speed, and that x-rays penetrate them without appreci- 
able absorption. Thus the largest errors remaining may well be those due to 
cathode-ray diffusion. 

In a recent paper' on measurements of x-rays from thin targets, we esti- 
mated these errors tentatively as “a few percent”; and since the deviations of 
all the available theories from our data exceeded this amount, the exact cal- 
culation of the corrections for these errors was postponed until further data 
were available. Still more recently, however, Wisshak? has questioned our 
estimate, stating his belief that the correction would prove to be so great as to 
reverse completely the relations between our data and the leading theories of 
impact ionization. Evidently the status of these theories depends on the order 
of magnitude of these corrections. Therefore a calculation of them, at least 
with sufficient accuracy to make sure of the relation of the data to the theo- 
ries, becomes imperative. 

It is therefore the purpose of this paper to report the results of such a cal- 
culation, and incidentally we shall include some by-products, of interest in 
the interpretation of other data on x-rays and cathode rays. 


THE LAws OF REDIFFUSION 


The effects to be calculated arose from two types of diffusion of the 
cathode rays, one type occurring within the thin targets themselves, and the 
other in a block of beryllium used to support the thin targets and to conduct 
away the heat produced by the cathode rays. Diffusion within a thin target, 
making the paths of the cathode rays deviate from straight lines normal to 
the surfaces, causes a slight increase in the number of atoms struck by an 
average cathode ray. Diffusion in the beryllium must be considered in order 
to take account of the small percentage of the cathode rays which deviate so 
far as to be “rediffused,” that is to return to the surface of the block and thus 
to make second impacts on the thin target. The effect of diffusion within the 
thin target is readily calculated from well-known laws, but tocalculate the 
rediffusion effect we must first examine the available evidence and formulate 
as well as possible the laws of the phenomena concerned. 

The rediffusion constant. First of all, we must find the best value for 
beryllium, of the “rediffusion constant” p, or fraction of the incident cathode 
rays that are rediffused. Since none of the data we have found in the literature 
refer directly to beryllium, we must get the value for it from the data, through 
the law relating p to the atomic number Z. 

To measure p, one must measure the current carried by the rediffused 
electrons, but not include any of the slow secondary electrons leaving the 
metal at the same time. The theoretical reason for separating these two 
classes is that their causes for leaving the metal are different: rediffusion and 
and ejection by the cathode rays, respectively. The practical reason, for the 


1D. L. Webster, H. Clark, R. M. Yeatman, and W. W. Hansen, Proc. Nat. Acad. Sci. 14, 
679 (1928). 
? F, Wisshak, Ann. d. Physik 5, 507 (1930). 
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present purpose, is that the secondary electrons are too slow to produce x-rays 
as hard as those used in most intensity measurements. 

Data on p, for various primary-ray energies, have been obtained by 
several investigators: Becker,’ at 35 kv.; Schmidt,‘ with beta rays of about 
800 kv.; Schonland, at 10 to 100 kv.; and Stehberger® at 2 to 12 kv. The 
term “rediffusion constant,” and its symbol p, do not mean the same quantity 
in all these papers. In Schonland’s it refers to incidence along the normal, in 
Stehberger’s at 50° from it, in Schmidt's and Becker’s, at least as recomputed 
by Lenard’ and quoted by Stehberger, to incidence “im Normalfall,” that is 
with the cathode rays already completely diffused before they strike the 
metal. For present purposes, the most important case is that of incidence 
along the normal, so we shall adopt the definition for that case. 

One of the most striking conflicts of values is between those of Becker as 
recomputed and quoted (Al 0.28, Au 0.68) and those of Schonland (0.13 and 
0.50 respectively). A part of this conflict is due to the difference in definition, 
since Lenard finds for Al along the normal the value 0.23, and this reduces the 
discrepancy considerably. Another part, however, is probably due to the 
theory underlying the recomputation, which involved the assumption of sud- 
den absorption of cathode rays by individual atoms. Since this assumption 
has later been disproved,’ we may remove this part of the discrepancy by 
going back to Becker's original values. Thus we obtain Table I. 


TABLE I. Rediffusion constants for incidence along the normal. 








Metal Al Cu “Blattmetall” Ag Au 
Becker 0.172 — 0.407 0.433 0.496 to 0.56 
Schonland 0.13 0.29 — 0.39 0.50 








Considering the general improvements in cathode-ray technique between 
Becker's work in 1905 and Schonland’s in 1925, we must indeed congratulate 
Becker on the smallness of the discrepancy, even though we shall use Schon- 
land’s values of p. 

A more serious question is presented by Stehberger’s data. His values of p 
at 50° incidence on Al are from 2.5 to 5.5 times Schonland’s at normal in- 
cidence. This ratio seems far too great. Furthermore, Schonland found p 
independent of primary voltage, whereas Stehberger found it to decrease 
rapidly with increasing voltage. To be sure, their ranges of voltage barely 
overlap; but Schonland gives theoretical reasons for believing that p should 
be constant, and an important question is, whether Stehberger’s data make 
Schonland’s theory unreliable. 


3 A. Becker, Ann. d. Physik 17, 381 (1905). 

* H.W. Schmidt, Ann. d. Physik 23, 671 (1907), 

5 B. F. J. Schonland, Proc. Roy. Soc. A108, 187 (1925). 

® K. H, Stehberger, Ann. d. Physik 86, 825 (1928). 

7P. Lenard, “Quantitatives uber Kathodenstrahlen aller Geschwindigkeiten” ed. 1925. 
p. 226. 
8 W. Bothe “Handbuch der Physik” ed. 1927, Vol. XXIV, Chap. 1, See especially Sec. 25. 
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The answer to this question appears to us to lie in the method of separa- 
tion of secondary electrons from rediffused. Both observers found a consider- 
able fraction of the electrons to have energies below 10 or 20 equivalent 
volts; both adopted a voltage basis for the separation, Stehberger drawing 
the line at 36 volts and Schonland at 200; and both agreed that any such 
basis was somewhat arbitrary, and might be incorrect. 

On this point, we may use a line of reasoning similar to that of Bothe,° 
about the distribution of velocities among cathode rays transmitted through 
metal films. Here the Thomson-Whiddington law of retardation makes it 
impossible for many of the rays to emerge with very small energy, simply 
because the range of a cathode ray of small energy is so short. For example, 
if an electron has been retarded until its kinetic energy is only 10 percent of 
that at incidence, it has only 1 percent of its range still before it, and the 
chances are very much against that short section of its range intersecting the 
surface. The same reasoning applies to rediffusion. Many cathode rays re- 
diffuse with half their initial energy or more, so there is no question of any 
grave difficulty for a cathode ray to return to the surface with a long range 
still before it, and it is therefore highly improbable that any large fraction of 
the rediffusion will be in the last 1 percent of the range. 

Drawing the line between secondary and rediffused electrons at 36 volts, 
however, with a primary voltage of 8 or 12 kv., Stehberger found over 30 
percent of his ‘‘rediffused”’ electrons to have less than 10 percent of their 
initial energy. Evidently in view of these considerations of range, there is 
good ground for belief that these were not rediffused, but secondary. 

Furthermore, the distribution of energy among secondary electrons, as 
calculated by Bothe,® should be nearly independent of the primary energy; 
but their number should decrease rapidly with increasing primary energy, as 
in fact Stehberger found it did. Thus it may well be that Stehberger’s data 
are not inconsistent, after all, with Schonland’s data, or with his theory of the 
constancy of the rediffusion constant. And so long as we are not concerned 
with secondary electrons in the x-ray problems at hand, we shall use the 
values of p obtained at the higher voltages, where secondary electrons were 
less abundant and the probable error from them was therefore smaller. 

Incidentally, if we had adopted the alternative of accepting Stehberger’s 
values of p at low voltages and Schonland’s at high, with a graded compromise 
for the intermediate region, the corrections to the x-ray data would not have 
been as greatly affected as the values of p, since the influence of the deriva- 
tive of » with voltage would have largely offset that of the increase in the 
values of p. The chief difference would have been in the complexity of the 
problem. 

For the thin-target problem, we shall need the rediffusion constant of 
beryllium, the material of the block supporting the thin targets in some of our 
own experiments. Since Schonland finds for atomic number Z = 29, p=0.29, 
and for Z=13, p=0.13, a reasonable guess for Z=4 is p=0.04. But fora 


* W. Bothe, reference 8, Section 42. 
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more careful estimate, we shall use an equation from Wentzel’s!® theory, 


which predicts that 
Z"p Z2p\? 
7 = 22) + 02) 
Aa Aap 


where }; and }, are constants, Z and A are atomic number and weight, and 
ao/p is Lenard’s “pure” mass absorption coefficient. Since this theory de- 
pends on the hypothesis of absorption, now disproved, this equation must be 
considered on a semi-empirical basis; but at that, since Lenard found ao/p 
practically constant for light elements, for which also A = 2Z, we may extra- 
polate to low atomic numbers by assuming that 


p= piZt prZ*. (2) 


This fits all of Schonland’s data pretty well, with »,=0.011 and p.= —6.0 
X 10-5, and for Be it predicts p=0.043. 


The rediffusion energy distribution. The next problem is to find the best 
formula for the distribution of the rediffused electrons on a scale of kinetic 
energy. The data available are far from complete or accurate, but fortun- 
ately the answers to the x-ray problems at hand are changed so little by rela- 
tively great changes in this distribution function that even a very rough 
approximation will prove sufficient. 

First let us consider some theoretical evidence. Schonland explained the 
constancy of his rediffusion constants by noting that for cathode rays of all 
speeds, in any one element, the distance required for a probable deflection of 
one degree, and the distance required for a loss of kinetic energy of one per- 
cent, bear a constant ratio. Thus, although any two cathode rays of different 
speeds of incidence must have different ranges, the shapes of their paths may 
be geometrically similar, and the probabilities that they come back to the 
surface must be the same. Extending this reasoning, their probabilities of 
coming to the surface with any given fraction of their initial kinetic energy 
still left, must also be the same. Or in algebraic terms, calling this fraction 
W, and this probability pF(W)dW, with 


1 
f F(W)dW = 1, (3) 
0 

F(W) should be independent of V. 

Another theoretical point about F(W) is the one discussed above, about 
the scarcity of electrons of very low energy. Quantitatively, as one may read- 
ily prove from the Thomson-Whiddington law, this means that F(0) =0, and 
that its first derivative is finite. 

Turning now to the experimental evidence, we have some velocity spectra 
photographed by Wagner" for Al, Cu, Ag and Au at primary voltages from 16 
to 40 kv. While an exact translation of the densities in these photographs into 


10 G. Wentzel, Ann. d. Physik 70, 561 (1923). 
1! P, B. Wagner, Phys. Rev. 35, 98 (1930). 
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numbers of electrons is impossible, they do appear to give at least a qualita- 
tive confirmation to the theoretical deductions just stated. And without any 
exact translation, they prove some other points more definitely: first, F( W) 
is a continuous function, without any sharp peaks; second, there are no elec- 
trons rediffused with full primary energy, so that F(1) =0; third, reducing W 
from 1. F(W) rises rapidly to a maximum and then declines, probably more 
slowly than it rose; and fourth, that the value Wo, where the maximum 
occurs, is higher for heavy elements than for light. Taking the densities liter- 
ally, as a rough approximation, Wp» for Al would be about 0.85, for Cu 0.90, 
and for Ag and Au 0.94. 

Confirmatory evidence appears in the spectra of the x-rays produced by 
the rediffused electrons, investigated by Nicholas” with copper and Lorenz 
with tungsten. While this evidence is not so direct, it indicates the same 
general sort of preponderance of high energies as Wagner’s photographs, and 
again with no notable change in F(W) with V. 

A third line of evidence is on W, the mean of the values of W for all the 
rediffused electrons. This may be calculated from measurements by Wisshak? 
on the ratio of the power absorbed by the anode of a gas-filled tube to the 
whole power input. If it is permissible to neglect the power given to positive 
ions, this ratio is (1—pW). According to Wisshak, it is independent of V, 
from about 3 to 35 kv., having the value 0.8 for Co and Cu, and 0.6 for Mo 
and Ag. These data, with Schonland’s p’s, would make 17=0.7 for Co and 
Cu, and nearly 1 for Mo and Ag. The correction for positive-ion power would 
reduce these values of IV. 

Finally, there is evidence from the total intensity of the x-rays from the 
back and stem of the target of a Coolidge tube. Assuming the V* law of total 
x-ray intensity, the ratio of this “stem-radiation” to the radiation from the 
whole target, including the focus, should be pW?. Coolidge, with one of his 
standard tungsten tubes, found this ratio to be 2/11, both with a 2-inch al- 
ternative spark gap and with a 10-inch; Ledoux-Lebard and Dauvillier™ 
found 20 percent; and Rump," on the basis of this latter figure and some 
measurements of his own, considered 20 percent correct for any voltage from 
43 to 150 kv. at least. For tungsten at normal incidence, equation (2) would 
make p=0.48, so that WV? would be about 0.4, and therefore W probably 
about 0.6; but for these 45° targets, p must be somewhat greater and TW? 
correspondingly less. This estimate is lower than those given above, but it 
agrees in making quantities dependent on p and F(W) independent of V, as 
required by theory. 

All this evidence is still far from a quantitative formula for F(W), but all 
that is really needed for present purposes is a rough approximation, in a rea- 
sonably convenient mathematical form. To satisfy this latter requirement 


2 W. W. Nicholas, Phys. Rev. 29, 619 (1927). 

13 E, Lorenz, Proc. Nat. Acad. Sci. 14, 582 (1928). 

4’ W. D. Coolidge, G. E. Review 20, 272 (1917). 

18 P, Ledoux-Lebard and A. Dauvillier, “Physique des Rayons X” p. 45. (quoted by Rump). 
1 W. Rump, Zeits. f. Physik 43, 254 (1927). 
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we shall neglect that about the behavior of F(W) at W=0, where we shall 
never need to use it. All other requirements are then satisfied by either of the 
following formulas: 


F\(W) = G(ii — Wee), 
4 
withG = g*/{1 — (g + 1)e~*}; (4) 
and 
FAW) = Q(1 — W)IWVs, o 
with Q = (q + 1)(q + 2). 
Se a / 


F(wW) 
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Fig. 1. Graphs of F,(W) and F,(W) from equations (4) and (5) respectively. 


TABLE II. Parameters of F(W) in Fig. 1. 

















Wo g q W Ww? 
0.90 10 — 0.800 0.660 
0.90 — 9 0.833 0.706 
0.80 5 — 0.635 0.454 
0.80 — 4 0.714 0.536 
0.67 3 — 0.520 0.333 
0.67 — 2 0.600 0.400 
0.50 2 — 0.455 0.272 
0.50 — 1 0.500 0.300 
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Graphs of these functions, for several values of each parameter, g or q, are 
shown in Fig. 1; and corresponding values of Wo, Wand 17, for use in select- 
ing the best value of g or q, are listed in Table II. 

Briefly, for heavy elements, the evidence on Wo and JV seems to favor the 
higher values listed here for these parameters, and that from JV? the lower 
ones; for light elements, the values must be lower than for heavy. In view of 
this uncertainty, it is indeed fortunate that the quantities we must calculate 
for the comparison of x-ray data with theories change so slowly with these 
parameters that even such rough information as this will suffice to place them 
within probable limits of experimental error. 

The directional distribution of rediffused cathode rays. In the problem of 
the effect of rediffusion on the intensity of x-rays from a thin target supported 
on a block of another metal, it is important to know the ratio of the average 
number of atoms in the thirtarget, struck by a rediffused ray on its way out, 
to the number struck by a primary ray on its way in. Since all the corrections 
for diffusion and rediffusion effects are reasonably small, we shall neglect 
small quantities of the second order, i.e. in this case, the effect of diffusion 
within the thin target itself on the ratio of these numbers of atoms. Thus we 
shall assume that for cathode rays rediffusing at the angle 0 from the normal, 
this ratio is simply sec ©. The directional distribution need then be found 
only with enough accuracy to get a reasonably accurate estimate of the mean 
value of sec 0, which we shall call S. 

Rediffusion can happen only to cathode rays deflected through more than 
a right angle, and indeed considerably more unless the paths after deflection 
through a right angle are much longer than those before. Thus rediffusion 
comes fairly near to involving complete diffusion, and the assumption of 
complete diffusion should give a first approximation for S. With this assump- 
tion, the probability that any infinitesimal segment of the path of a ray will 
intersect the surface of the block would be proportional to the sine of the angle 
this segment makes with the surface, and so the number escaping in a given 
solid angle d2 would be proportional to cos Q@dQ. This deduction was indeed 
verified, for beta rays transmitted through reasonably thick aluminum, by 
Kovarik and McKeehan."’ Assuming it to hold for rediffused cathode rays, a 
simple integration gives S=2. 

For a better approximation, still with normal incidence, but with incom- 
plete diffusion, we may assume that at any point within the metal, the number 
of paths in a solid angle dQ is a function f(90)dQ2. Then the number emerg- 
ing in this solid angle will be proportional to f(O) cos OdQ, and f(O) may be 
measured directly by catching the emergent rays from an area varying in- 
versely as cos 0. 

It was in this way, but with incidence at 30° from the normal, that Kova- 
rik and McKeehan verified the simple cosine law for transmitted rays. Their 
rediffused rays, however, showed a minimum in the direction backward to- 
ward the source. From a typical graph which they published, it seems prob- 


7 A. F, Kovarik and L. W. McKeehan, Phys. Rev. 6, 426 (1915). 
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able that if the incidence had been along the normal, the rediffused rays would 
have been represented well enough for present purposes by the formula 


{(Q) = const. X (1 + a0’), (6) 


with 1+a(7/2)? =1.4. 
A simple integration then gives 


1+ 1.14a 
1 + 0.73a 


: (7) 

If the diffusion had been complete, a would have been zero, making S=2, 
as above; with a as in equation (6), S=2.11. For present purposes, the differ- 
ence is immaterial, and as the foil from which these data were taken was not 
thick enough for complete diffusion of its transmitted rays, the difference for a 
thick block may be even less. So in all probability S is somewhere between 
2.0 and 2.1. 


THE THIN-TARGET EFFECTS 


We are now in a position to solve the problem of the effects of diffusion 
and rediffusion on the intensities of x-rays, and we shall consider first a thin 
target supported by a thick block. Since targets of this type are useful prim- 
arily for line spectra, the intensity will be considered to be that of a line, for 
example one belonging to a K series, of excitation potential Vx, and we shall 
write all functions of the tube potential V in terms of the ratio U= V/Vx. 
Letting Xo stand for the thickness of the target, the intensity of the line, with 
neither diffusion nor rediffusion, is Xo%o(U), where io(U) is the intensity per 
unit length of path. Then with rediffusion, the intensity due to the rediffused 
rays alone will be called Xor(U), and the total intensity will be called Xoi(U). 
Now with diffusion within the thin target, the paths of the cathode rays are 
no longer straight, and the mean length of path of an incident ray within the 
target is slightly greater than Xo. As it is a function of voltage, we shall call 
it X(U), and we shall replace Xo in each of the above expressions by X(U). 
Strictly speaking, this is not quite accurate for the rediffused rays, but as the 
error is a small quantity of the second order, we shall neglect it. 

Calculation of the effect of rediffusion. With these definitions and the 
formulas on rediffusion deduced in the preceding section, it is evident that 


1 
r(U) = ps f F(W)i( UW)dW. (8) 
1/U 


We do not know io(UW) accurately, of course, until after r(U) has been 
calculated. But as will be proved later, we may safely replace it here by either 
of two functions, used previously in empirical formulas for i(U), and shown 
graphically in Fig. 2, along with some data. Strictly speaking, these data 
refer to the function j(U) =X(U)i(U)/X(2)i(2), but X changes very little 
with U, so this is nearly i(U)/i(2); thus an empirical formula for j7(U) will do 
well enough for i(U), if we can use it with an unknown constant factor. One! 
of the formulas thus obtained is 
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ee i-i1/U.. 
ii(U) = ki ——— if U > 1, or 0if U <1, (9) 
m, + U 
with 2, the unknown constant and m, about 3.0. The other! is 
io(U) = keoU-™ log U if U > 1, or Oif U < 1, (10) 
with k, unknown and mz. about 0.77. 
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Fig. 2. Uncorrected data and empirical formulas. Black circles, 280A Ag film; white cir- 
cles, 170A film; black and white circles, data from these films practically coincident. 


To see whether the departures of these formulas from 79 are of any impor- 
tance here, we have also calculated r with two other functions, departing 
farther from the corrected graph than either 7; or 72, and in opposite direc- 
tions. One of these functions, suggested by Davis’ theory," is 


1 
ip(U) = ko( 1 - =); (11) 
the other, from Rosseland’s theory,”® is 
in(U) he( “) (12) 
1R = RR U V2 ° 


18 PD, L. Webster and W. W. Hansen, Phys. Rev. 33, 535 (1929). 
19 B. Davis, Phys. Rev. 11, 433 (1918). 
20S. Rosseland, Phil. Mag. 45, 65 (1923). 
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The resulting values of r agree with those from 7; and 72 to better than half of 
one percent of 7, for any value of U in the range covered. So i; and i, are well 
within the limits of accuracy needed for this purpose. 

For F(W) we may use either of the functions F, and F, obtained in the pre- 
ceding section, Eqs. (4) and (5), and tests with the simple intensity functions 
ix and ip show that it makes no notable difference which F is used. For con- 
venience in integration, however, we have used F, with 7, and Fy» with 7%. 
Thus we obtained two formulas for r, namely 


; G _— 
r(U) = pSky ——[(m, + 1) ye-¥{ Ei y — Eis} 
mygl 





(13) 
— ge°{ Eig — Ei(g/U)} — m {1 — e*}], 
where y=g(m,+U)/U and s=g(m,+1)/U, and 
; log U 
r(U) = pSk2Q U-™ 
(q + 1 — mz)(q + 2 — me) 
(14) 





1 — U-q-l+m 1 — U-@-2+ m3 
a + | 
(q+1— me)? (¢ + 2 — me)? 


For comparison of x-ray data with theories, we should like to find the 
function 


io UV) = i(U) — r(U); (15) 


but as we have already seen, the data give 7, and therefore r also, only with an 
unknown constant coefficient. To eliminate this coefficient, in our first paper 
this subject,! we plotted the “reduced intensity” 


X(U)i(U) 


j(U) = Xi (16) 


as an empirical function; and now likewise we can compare with theoretical 
predictions the function 


Jo(U) = ip U)/in(2). (17) 


As an intermediate step, correcting for rediffusion only, we shall make use 
of the function 


X(U)io(U 1— {r(U)/i(U 
5) = SOMO gy AZ AMO) | 
X (2) io(2) 1 — {r(2)/i(2)} 
1 + {r(2)/io(2) } 
1+ {r(U)/i(V)} 
and this coefficient of j(U) will be called c,(U). 
To compute c, we need numerical values of pS and either g or g. It ap- 
peared above that p for beryllium was probably about 0.043, and S 2.0 to 2.1. 





(18) 





(U) 
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Thus pS is probably about 0.086 to 0.090, though it may well be outside these 
limits. So we shall tentatively use the rounder number, 0.090, and if a better 
value of either p or S is found later, new values for c, may be found by chang- 
ing (c-—1) in proportion to pS. 

For g and gq, since there is considerable doubt as to the best values to as- 
sign to them, we have left room for later improvements in accuracy by mak- 
ing calculations with all the values used in Fig. 1 or Table II. The results are 
given in Table III. 

TABLE III. Values of 100 (c,—1). 











Wo g q 








| v=1.0 15 2.0 2.5 3.0 3.5 
0.90 0 — | 47.4 42.2 0 -10 1.6 ~2.0 
09 #+— 9 47.9 420 0 -08 1.2 ats 
0.80 i 44.5 41.9 0 -1.3 2.0 2.9 
080 -—- 4 45.6 425 0 -1.3 2.2 _2'8 
0.67 — 43.1 41.6 0 1.2 <2.2 3.0 
0.67 — 2 43.7 420 O -1.4 —2.5 —3.3 
0.50 _ 42.3 ‘44 8 we 2.0 2.8 
050 — 1 42.5 a3 8 wis 22 3.0 











The changes actually made in the reduced intensities, by the use of these 
corrections, are shown in Table IV, for values of U from 1 to 3.3 the limits 
of the data in Fig. 1. Here, for simplicity, we have averaged the corrections 
for all of the values of g and g from Table III, that have any reasonable chance 
of applying to such a light element as beryllium, that is, for Wo=0.80, 0.67 
and 0.50. And to give a rough indication of the probable error due to the un- 
certainty in these parameters, we are tabulating with each averaged correc- 
tion the mean of the deviations from it, given by the six values of g or gq. 


TABLE IV. Reduced intensities, corrected for rediffusion. 














U 1.0 





1.5 





2.0 2.5 3.0 3.3 

Average of 100 (c-—-1) +3.6 +1.8 0 —1.3 —2.2 —2.7 
j(U) from empirical graph 0 +0.727 +1 +1.117 +1.148 +1.144 
Average of corrections 0 +0.013 0 —0.014 —0.025 —0.031 
Mean deviation of cor- 

rections 0 0.002 0 0.001 0.002 0.002 
Ave. corrected intensity 

jr(U) 0 +0.740 +1 +1.103 +1.123 


+1.113 














From this table it is evident that it makes no appreciable difference what 
value of g or g we use, within the range covered here; and even if the dis- 
tribution of kinetic energy is not exactly like any of these functions F(W), 
one could probably represent it pretty accurately by some linear combination 
of them, and even such a change would make no notable change in the cor- 
rections to be applied to j(U). 

Calculation of the effect of diffusion within the thin target. To calculate 
the reduced intensity jo(U), of Eq. (17), corrected for both rediffusion and 
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diffusion, we must not only correct the factor i(U)/i(2) in j(U) for rediffu- 
sion, but also the factor X(U)/X(2) for diffusion. The basis for this correc- 
tion is a formula given by Bothe* “zum praktischen Gebrauch,” namely 


8.0 V+511 _ /px\? 
b= a(S) 


F A 


(19) 
VV + 1022 

Here J is the most probable deflection of a cathode ray by multiple scattering 
in a thickness x of an element of atomic number Z, atomic weight A and den- 
sity p; and \ must be expressed in radians, V in kilovolts, x in microns and p 
in gm/cc. 

Letting © represent the deflection of any individual cathode ray at the 
depth x, the contribution of a layer dx to the mean path X will be the mean 
value for all cathode rays, of sec O dx. For a thin target, therefore, since 
sec 0 is nearly enough (1+30*), and the mean value of ©? is 2\?, we have 


x, 
x(u) = f+ ae = Nod + D9, (20) 
J 9 


where Xo is the value given by equation (19) for \ at x= Xo. 
The correction factor for diffusion, analogous to c,(U) for rediffusion, is 
now obtained from Eqs. (16), (17) and (18), as 


¢a(U) = X(2)/X(U), (21) 
so that 
JA(U) = J(U)e(U)ea(U). (22) 


As an illustration, and also for more definite use in the next section, the 
effect of diffusion in one of our own Ag targets is shown in Table V. 


TABLE V. Effect of diffusion in a 280A Ag target. 

















U = 1.0 1.5 2.0 2.5 3.0 3.5 
X(U)/Xo = 1.076 1.034 1.019 1.013 1.009 1.006 
100 (ca—1) = -—5.2 —1.4 0 +0.6 +1.0 +1.3 














Results. Combining the corrections for diffusion and rediffusion, as ap- 
plied to our data on thin silver, we obtain the reduced intensities in Table VI. 
Here as in Table IV, the values of j(U), for the round-number values of U 
used in the computations, were read from the empirical graph in our previous 
paper, and the values of jo(U) were computed from them. 


TABLE VI. Reduced intensities, corrected for diffusion and rediffusion. 











U = 1.0 1.5 2.0 2.5 3.0 3.3 
j(U) = 0 0.727 1 1.117 1.148 1.144 
100 (¢ca—1) = 1.8 +0.4 0 —0.7 —1.2 —1.4 
jo(U) = 0 0.730 1 1.109 1.134 1.128 











*1 Bothe, reference 8, Section 9. 
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For the other values of U at which data are given in Fig. 2, we have got 
the correction factors by interpolation, using Table VI for the 280A target, 
and a similar table for the 170A, differing only in the smaller correction for 
diffusion. The results, with the theoretical graphs with which they are to be 
compared, are shown in Fig. 3. 

With regard to the empirical intensity functions, 7; and 72 of eqs. (9) and 
(10) resp., these corrections are so small that they come within the limits of 
error of 2;, but for 7 it is best to change 72. from 0.77 to 0.80. 
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Fig. 3. Corrected data and theoretical graphs. 


Reliability of these corrections. In a recent paper on thick-target x-ray 
measurements, Wisshak® reported data differing radically from our thin- 
target data in their relations to the theories. To compare our data with his 
he calculated a thick-target intensity function from our thin-target function 
1,(U), of Eq. (9), by the same formula that Rosseland had applied to his own 
theoretical function. The relation between this new thick-target function for 
Ag and Rosseland’s was therefore much like that between the corresponding 
thin-target functions, shown in Figs. 2 and 3, i.e. the empirical graph was be- 
low Rosseland’s at low voltages and above at high. Wisshak’s empirical 
graph for the average of Cr and Cu, on the contrary, crossed Rosseland’s 
theoretical graph in the opposite direction, at an angle of the same order of 
magnitude. Therefore Wisshak concluded, not only that there was a serious 
discrepancy between Rosseland’s theory and his data, but also that the stiil 
larger difference between our graph and his must have been due to rediffusion 
in our target. 
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The present calculations, however, do not alter the relation between our 
graph and Wisshak’s by anything like the amount indicated by this con- 
clusion. In fact, to bring our graph into agreement with Rosseland’s would 
require the correction, at U =3 for example, to be about 10 times as large as 
our calculations indicate, and for agreement with Wisshak’s graph this factor 
would have to be nearer to 20. This raises the question: Can any of the un- 
certainties in the quantities or functions we have used be such as to make 
possible an increase of this order in our corrections? 

Any change of g or g, in either direction, would reduce the corrections. 
Any other change in the energy distribution, keeping within the requirements 
of the evidence reviewed above, could hardly be such as to render impossible 
a good approximation by some linear combination of the functions we have 
used, and this would keep the corrections much as calculated here. A change 
in the parameter a, of the directional distribution, even to a= ® , which would 
be so extreme as to make the probability of normal emergence zero, would 
still introduce only a factor of about 1.5. A change in p, keeping it independ- 
ent of V, would certainly be limited by the fact that p for Be must be con- 
siderably less than for Al, and thus it could not go beyond a factor of 2 or 3. 
And finally, if were assumed not independent of V, it could only decrease 
with increasing V, and this would reduce the correction. Altogether, there- 
fore, any great increase in these corrections appears highly improbable. 
Evidently we must look elsewhere for the cause of the disagreement between 
our conclusions and Wisshak’s, and in view of the great difficulties in the 
interpretation of thick-target data, it is our opinion that the cause is proba- 
bly there. 

This conclusion is of especial importance for the major question, which of 
the theoretical graphs in Fig. 3 is the best; but there is also the question, 
whether any of them is exact, so it may be well to note here some additional 
points about the accuracy of these data, not related to these corrections. 
Three possible sources of systematic error were mentioned in our first paper 
on these data. One was rediffusion (we had not realized the importance of 
diffusion within the thin target); another was the presence of some fluores- 
cence radiation, never more than 0.2 percent and therefore negligible; the third 
was an unexplained darkening of the focal spot during use. This has since 
been explained, through the kindness of Dauvillier, who pointed out to us by 
letter an investigation of his,” proving such darkening to be due to carbon, 
which in our case could have come from the carbonization of adsorbed grease 
vapor by cathode rays (not by heat, because the block was oil-cooled and the 
power input was low). If this carbon were thick enough to retard the cathode 
rays appreciably, it might cause serious errors, especially at low voltages. 
Fortunately, however, after finishing the measurements shown in Fig. 2, we 
made a very careful study of the intensity function in the first 2 kilovolts above 
Vx. Here we found effects exactly such as one would predict for a 280A silver 
target assuming that it retarded the cathode-rays at 25 kv. by about 200 


2 A. Dauvillier, Journ. d. Physique 8, 1 (1927), 
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volts, as predicted by the Thomson-Whiddington law, and that an infinitely 
thin target would give an intensity starting from zero at U=1, with a finite 
derivative. These measurements will be reported in more detail later, along 
with others with improved apparatus. For the present, the important point 
is, that if there had been any appreciable retardation in the carbon, it would 
almost surely have been evident here. So there can hardly have been any 
serious error from that source. 

A similar possibility is that of a deposit of tungsten. But this is ruled out, 
not only by the above test, but also by the absence of the tungsten K lines at 
80 kv. 

There may of course be sources of systematic error still unsuspected, and 
there are the erratic errors, whose magnitude can be judged by the departures 
of the points from the empirical graph in Fig. 3. But for the present, we shall 
assume that Fig. 3 is accurate enough to serve as a basis for conclusions about 
the theories now at hand. 


COMPARISON WITH THEORIES 


Of the theoretical graphs in Fig. 3, those for Davis and Rosseland are 
plotted from Eqs. (11) and (12) respectively, and that for Thomas* from 


1 — 1/U + (2/3)mr(1 — 1/U?) 
1+ U+mr ) 


where the parameter #7 is the ratio of the kinetic energy of an atomic elec- 
tron in a Bohr orbit to its ionization energy. 

While these theories based on classical mechanics give definite formulas, 
the wave mechanics, so far as we know, has been applied only through ap- 
proximations that become invalid at voltages near the ionization voltage. 
On this basis Bethe” gives a formula, in which the dependence of intensity 
on U may be expressed by 


ig(U) = kpU- log (4U/B) (24) 


ir(U) = kr (23) 





where BeVx is a quantity of energy, “of the order of magnitude of the ioniza- 
tion energy,” eV x. 

Comparing this function with Wisshak’s data, which cover about the 
same range of U as ours, Bethe states that it is probably unsatisfactory for 
this range, “because the rise of x-ray intensity with increasing excess of the 
bombardment energy over the ionization energy must be even steeper than 
in the Thomson [or Rosseland] theory, whereas experimentally it is somewhat 
more level.” Comparing the theories with our experimental graph, however, 
we should exactly reverse this last clause. In view of the approximations in 
Bethe’s theory, it must of course become invalid as U is reduced toward 
unity, but in most of this range it apparently agrees with the thin-target 
data better than with the thick. 


*3 H. Bethe, Ann. d. Physik 5, 325 (1930). 
* LH. Thomas, Proc. Camb. Phil. Soc. 23, 829 (1927). 
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In the absence of any theoretically calculated value of B, beyond the 
order-of-magnitude estimate quoted above, we may treat it tentatively as 
an empirical parameter, and choose a value such as to make the equation fit 
the data as far down the scale of U as possible. Since 7 must be zero at U = 1, 
this is B=4. We have therefore plotted a graph on this basis in Fig. 3, but 
in view of the arbitrary character of this assumption, we cannot call it exactly 
a graph for Bethe’s theory, and so we are not giving it any name. 

A suggestion as to the direction in which a true graph for Bethe’s theory 
might differ from this one is given by his calculation of the effective cross- 
section of a hydrogen atom for inelastic collisions (including excitation as 
well as ionization). Here there is a quantity }, analogous to B. At high volt- 
ages, b is constant at 0.638; but inspection of the equations from which it is 
obtained shows that with reduction of voltage it must begin to increase. If 
B behaves likewise, the true graph for Bethe’s theory may run somewhat 
steeper than the nameless graph of Fig. 3, and thus perhaps agree even better 
with our experimental graph. 

Another interesting aspect of Bethe’s equation is its agreement in mathe- 
matical form with 72, at least if m7: is set equal to 1, as well as B to 4. This 
function 72 was suggested first by a study of an empirical relationship be- 
tween line and continuous spectra; and there some of the data indicated 
that mt2=1. Thus perhaps Bethe’s theory may suggest theoretical connec- 
tions, to match the empirical one between these spectra. 


TuiIcK-TARGET EFFECTS 


Effect of rediffusion on line intensities. In a thick target, the effect of re- 
diffusion, removing some of the cathode rays from the target before they have 
made their quotas of impacts, is to diminish the intensity of the x-rays. Let 
Io(U) be the intensity of the rays that would be emitted in a K-series line if 
there was no such loss, and J(U) the actual intensity. Then the loss, 


IU) — 1(U) = R(U), (25) 


is equal to the intensity of the rays that the rediffused electrons would emit 
if they struck another target of the same element and did not rediffuse from 
it. Thus 


R(U) = rf FOW)I( UW) dW. (26) 
1/U 


To calculate R( U) we shall proceed much as with the analogous equation, 
(8), for r(U). The chief difference in the two cases is that the sign of the cor- 
rection for rediffusion here is opposite to what it was there, because the effect 
is a loss of impacts rather than a gain. 

For Jo in this integrand, we shall use either of two simple empirical formu- 
las. One* of these is 

I,(U) = K,(U — 1)", (27) 


*% PD. L. Webster and H. Clark, Proc. Nat. Acad. Sci. 3, 181 (1917); A. Jonsson, Zeits. f. 
Physik 43, 845 (1927); S. K. Allison, Phys. Rev. 30, 245 (1927). 
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where 7 is between 1.3 and 2.1, and K,; isa constant. The other” is 
T.(U) = K.(U? — 1), (28) 


where K, also is constant. 

Neither of these formulas is very accurate, but in view of other correc- 
tions, less definitely known than the one for rediffusion, we shall go no farther 
with this case than to find the order of magnitude of this correction. And for 
that, we may use either function, simplifying matters still further by letting 
n=either 1 or 2, although J; with m =1 is very far from correct. 

The constants K, and Ke are not so little known as those of the thin-target 
functions, but there is enough uncertainty here also to make it better for most 
purposes to use a “reduced intensity,” which we shall call 








J(U) = 1(U)/I(2). (29) 
The corrected reduced intensity is now 
1+ ,;ROU)/T(U 1 — ;R(2)/To(2 
savy ane tts ON 8 yy ADAPOMAT ogy 


1+ {R(2)/7(2)} T= {RW)/TA0)}’ 


and this correction factor for J(U) will be called C(U). 


Values of C(U), corresponding to the c,(U) of Table III, are shown in 
Table VII. 


TaBLeE VII. Values of 100 (C(U)—1) for Ag, p=0.39 and Wy=0.90. 

















U= 1.0 1.5 2.0 2.5 3.0 3.5 
I, n=1, g=10 —23.8 —7.2 0.0 +3.3 +5.0 +6.1 
hh, n=1, q=9 —26.0 —7.4 0.0 +3.0 +4.5 +5.5 
In, g=10 —21.5 —5.9 0.0 +2.3 +3.4 +4.1 
Iz, q=9 —23.7 —6.1 0.0 +2.2 +3.2 +3.8 
hh, n=2, g=10 —17.0 —6.0 0.0 +3.1 +4.9 +6.1 
h, n=2, q=9 —19.0 —6.6 0.0 +3.2 +5.0 +6.2 
Averages —21.8 —6.5 0.0 +2.8 +4.3 +5.3 
100 (c-—1) from 
Table 4 3.6 1.8 0.0 —1.3 —2.2 —2.7 
(C—1)/(q@—1) —6.1 —3.6 —2.6 —2.2 —2.0 —2.0 














From this table it is evident that the rediffusion correction factors for 
thick-target line intensities are about 2 to 4 times as far from unity as those 
for thin. This raises anew the question of the cause of the disagreement be- 
tween our conclusions and Wisshak’s,? about the status of the theories of ioni- 
zation by impact. In Wisshak’s interpretation of his data, the allowance for 
rediffusion consisted in substituting for the measured tube current, the cur- 
rent computed from the voltage and the heat in the target. But as the ratio 
of these currents was found to be constant, the difference affects only the con- 
stant coefficient K, in J(U), and does not affect J(U) at all. So it appears to 
us that the correction factor C(U) would be useful here. And just as the cor- 


* Simplified from a formula used by G. Kettmann, Zeits. f. Physik 18, 359 (1923); and 
E. C, Unnewehr, Phys. Rev. 22, 529 (1923). 
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rection c, for thin targets shifted our graph toward Wisshak’s, this opposite 
correction C shifts his graph toward ours. Nevertheless, both corrections to- 
gether move the graphs only about a seventh as far as is necessary to bring 
them into agreement. Evidently there is some other cause for the difference. 

The most obvious suggestion is that there is a real difference between the 
elements used here by Wisshak and by us, namely between his average of Cr 
and Cu and our Ag. Another possibility is that the other uncertain factors in 
the interpretation of thick-target data are responsible for the discrepancy. So 
it is significant, though ambiguous, that recent data of ours (not yet pub- 
lished) on thick targets of Ag with corrections for target absorption by Kulen- 
kampff’s method and for fluorescence radiation by ours,’ give a far better 
agreement with the function calculated by Wisshak from our thin-target 
formula for Ag than do his data on Cr and Cu. 

To put this statement into a more quantitative form, we may express all 
these intensity functions with enough accuracy in terms of the function J,(U), 
of Eq. (27), namely K,(U—1)". Wisshak’s graphs for Cr and Cu make n be- 
tween 1.3 and 1.4, and his function calculated from our thin Ag makes 
about 1.85. Our data on thick Ag make m about 1.65 before correction for re- 
diffusion, and about 1.73 after. The remainder from 1.73 to 1.85 is in the 
direction one would expect from Kulenkampff’s*® comparison of his continu- 
ous-spectrum intensities for thin Al with the intensities calculated from his 
thick Al by a method the inverse of that which Wisshak used here. So this 
discrepancy may be ascribed tentatively to the errors in the Thomson-Whid- 
dington law of retardation of the cathode rays, which has been used, for lack 
of anything more accurate, in all such calculations. The net result, then, is 
that the apparent discrepancy between the thick and thin-target data may 
well be no greater than can be expected from the uncertainties in the relations 
between them. 

Details of these comparisons would be beyond the scope of this paper, 
however, and will therefore be reserved for later consideration, in connection 
with more data. In the meantime, the values of m given here for thick Ag 
must be regarded as somewhat provisional, as we are making still further im- 
provements in our apparatus, but they are fairly good up to about 100 kv 
(4 Vx); and for rays corrected only for target absorption, an exponent 1.6 will 
serve moderately well up to 180 kv. 


Continuous spectra. Turning from the line spectra of thick targets to the 
continuous, we are rid of the complications of fluorescence, but we run into 
another complication, arising from the fact that the intensity emitted by a 
single atom (or a thin target) is not the same in all directions, as proved 
by Kaye,?® Duane,®® Kulenkampff?* and Nicholas." As it concerns us here, 
this means that the diffusion of the cathode rays within a thick target will 


27 D. L. Webster, Proc. Nat. Acad. Sci. 14, 330 (1928). 

°° H. Kulenkampff, Ann. d. Physik 87, 597 (1928). 

2° G. W. C. Kaye, Proc. Camb. Phil. Soc. 15, 269 (1909), 

3 W. Duane, Proc. Nat. Acad. Sci. 15, 805 (1929). 

3 W. W. Nicholas, Bureau of Standards Jour. Res. 2, 837 (1929). 
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tend to annul the directional differences that would have occurred with- 
out it. This effect has been discussed by Kulenkampff and Nicholas, who 
have shown that it is practically complete except near the high-frequency 
limit of the spectrum, and that the directional effects near the high-frequency 
limit are such as one might expect from the data on thin targets. Having no 
new contribution to make on this point, we may treat the effect of rediffusion 
alone by neglecting the directional effects and comparing theoretical predic- 
tions, not with intensities in any particular direction, but with the average, 
so far as it is known, for all directions. 

This treatment of the rediffusion effect amounts practically to putting on 
a somewhat more nearly quantitative basis an idea advanced by Kramers® 
in a paper on his theory of the continuous spectrum. First neglecting rediffu- 
sion as well as all directional effects, Kramers found for the thick-target in- 
tensity in a range dp. 


T)(V, v)dv = Ko Z(v9 — v)dv = Ko Zvoit, (31) 


where Ko is a constant, »=eV/h, and u=(v9—v)/vo. Observed intensities are 
not far from obeying this formula, but they are given more accurately by 
adding a non-linear term, so that the empirical formula is something like 


I(V,v) = K’Zyo[u + BZ(1 — e4")], (32) 


where A is a function of Z, vy and vo, and B of v and vo, though perhaps not of 
Z, and both A and B change only slowly. K’ will be defined more explicitly 
below. Kramers explained the presence of a non-linear term of this general 
sort, as an effect of rediffusion. 

A calculation of J, based on Kramers’ theoretical intensity J) and the re- 
diffusion formulas used in the first part of this paper, gives, when F\(IV) is 
used, 


1,(V, v) = KoZvo[(1 — p)u + p{(1 — W)(1 — e-#) — we-™}], (33) 
at least if e~?< <1, and when F,(JV) is used, 
I(V,v) = Ko Z[(1 — put pia — W)(1 — v2t8) — uytt?} ], (34) 


where v=1— 1. 

Each of these functions is much like the empirical function of Eq. (32), in 
that the larger term, (1—/)«, is proportional to 7“, while the smaller, non- 
linear, term increases from zero at 1 =0, more or less like (1 —e74"). Further- 
more the ratio of these terms, as a function of Z, contains p/(1—), which is 
not far from proportional to Z, like the corresponding ratio in Eq. (32). 

With regard to the dependence of the linear term on Z, it is usually 
said to be simply proportional to Z, with K’ in Eq. (32) constant. The best 
evidence on this point, however, comes from the data of Wagner and Kulen- 


% H. A. Kramers, Phil. Mag. 46, 836 (1923). 

% D. L. Webster, Phys. Rev. 9, 220 (1917); E. Wagner and H. Kulenkampff, Phys. Zeits. 
23, 503 (1922); D. L. Webster and A. E. Hennings, Phys. Rev. 21, 312 (1923); W. W. Nicholas, 
Phys. Rev. 29, 619 (1927). 
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kampff,** who made an approximate allowance for rediffusion by defining in- 
tensity, not as x-ray energy per incident cathode ray, but per unit current as 
measured by heat in the target. It is in these terms only, that the K’ of 
Eq. (32) is approximately constant. To convert to the intensity definition 
used here, we must let 


K' = K(1 — pl), (35) 
with K constant. This new factor (1 — pW), is not far from the (1— >) of Eqs. 
(33) and (34). 


Likewise on integrating to get the total intensity, unresolved, we find 
E, = Ez = }Ko Zn°(1 — pW), (36) 
and from Eq. (32), neglecting the second term, 


E = 3K’'Zv? = }KZv°(1 — pW), (37) 


agreeing fairly well with £, or Ep 

Thus these formulas describe the main facts of thick-target continuous 
spectra to a first approximation, confirming Kramers’ qualitative predictions. 
We cannot expect great accuracy here, because the basic formula for Jo(V, v) 
was derived by the Thomson-Whiddington law from a theoretical thin-target 
formula which agrees only approximately with Kulenkampff’s data, and so 
Io(V, v) itself may be as good as it is, only because of a cancellation of errors. 
An approximate verification of these thick-target formulas is therefore as 
much as one can expect. 


4 E. Wagner and H. Kulenkampff, reference 33. 
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ABSTRACT 


The main purpose of this research was to test the correctness of the assumption 
that the initial velocities of electrons in the scattering body cause the observed breadth 
of the Compton shifted line. The test consists in observing the natural breadths of the 
Compton line for different scattering angles and primary wave-lengths and comparing 
these with the functional dependence of breadth on scattering angle and primary 
wave-length deduced theoretically on the basis of the assumption under test. It is 
shown in this paper that if electron velocities are the cause of the breadth then this 
breadth should increase with the scattering angle according to the approximate for- 
mula A\ = Kcos}@ where A) is the breadth, @ the scattering angle and K a constant 
depending on the primary wave-length and the scattering substance. For the same 
scattering angle and substance the breadth should be proportional to the primary 
wave-length. 

The experimental test was made with the multicrystal spectrograph of fifty units 
herein briefly described. Three scattering angles were used, 63}°, 90°, 156°, the in- 
homogeneity in each case being less than one degree. The spurious breadth due to this in- 
homogeneity is negligible compared to the observed breadths. Three very clear cut 
spectrograms are reproduced representing MoK radiation scattered from graphite 
together with microphotometer curves taken from them. The increase of shifted line 
breadth with scattering angle is clearly visible and compares favorably with the theo- 
retical prediction. The increase of line breadth with increasing primary wave-length 
comparing the breadths of shifted a and shifted 8; lines seems just detectable. The 
unshifted lines are very sharp, the a doublet being clearly resolved. Incidentally the 
cause of the heavy background so frequently observed on Compton effect spectro- 
grams has been found to be non-selective scattering at the crystals and a great reduc- 
tion of background and improvement in contrast has been effected by the use of baffles 
to diminish this effect. 

The observed shift of the Compton line supports Compton's formula 6A = (/mc) 
(1 —cos@) where h/mc =24.2X.U. 

The shifted line breadths are greater than those reported by Gingrich and Bear- 
den and possibly Ross but seem to be in general accord with previous breadths ob- 
tained at this laboratory and with those of H. M. Sharpand of F. L. Nutting. The rea- 
son for these discrepancies is unknown. The possibility of doubleor higher multiplicities 
of scattering is being investigated. (See note added in proof at the end of this article.) 


PURPOSE OF THE INVESTIGATION 








EARLY all investigators have observed that the Compton shifted line 
is broader than either the unshifted line or the primary line. Jauncey,? 


Wentzel? and DuMond? have each attributed the observed breadth of the 


1 Jauncey, Phys. Rev. 25, 314-322 (1925); 723-736 (1925). 
2 Wentzel, Zeits. f. Physik 43, 188 (1927); 43, 779-787 (1927). 
’ DuMond, Phys. Rev. 33, 643-658 (1929). 
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Compton line to the velocities possessed initially by the electrons in the scat- 
tering body. DuMond‘, and almost simultaneously, Chandrasekhar‘ have ap- 
plied the above assumption to the conduction electrons in the interatomic 
spaces of the crystal lattice in the case of electrically conducting scatterers 
and the former has shown that the results compared with his observed Comp- 
ton line structures seem to support favorably the new Fermi, Pauli, Dirac, 
Sommerfeld statistics for such conduction electrons. It is important to test 
the correctness of the assumption that the velocities (or more accurately the 
momenta) of electrons bound in atoms or in the interatomic spaces of the 
crystal lattice are responsible for Compton line broadening. 

We have attempted to test this assumption by observing the dependence 
of Compton line breadths on the scattering angle in the case of MoK radia- 
tion scattered by graphite and comparing this with the theoretical functional 
dependence to be expected if the assumption be correct that electron veloci- 
ties cause the breadth. The theoretical considerations will be dealt with first. 


Part I. THEORETICAL 
GENERAL NON-MATHEMATICAL DISCUSSION 


Before passing to the analytical argument we venture to offer a verbal 
discussion of the cause of Compton line-breadth regarded as a Doppler effect 
of the random-moving electrons scattering the radiations in order to serve as a 
guide to the reader through the cold formality of the analysis. The use of the 
words “Doppler effect” we insist shall not be naively interpreted as commit- 
ting us to any mechanism (classical, undnulatory or otherwise) to “explain” 
the wave-length modification associated with scattering of radiation by a 
moving scattering agent. It is now an old story that the Doppler effect from a 
moving scatterer can be equally well derived on either the extreme undula- 
tory hypothesis or the extreme corpuscular hypothesis—the latter derivation 
requiring only the quantum application of the laws of conservation of momen- 
tum and energy to the elementary scattering process. Furthermore the inter- 
pretation of the broadening of the Compton line as a Doppler effect of the motion 
of weakly bound electrons here presented is a perfectly valid first approximation 
to the quantum mechanical treatment of the effect as given by Wentzel, Gordon and 
others. The condition for such validity is that the binding energy of the elec- 
tron shall be small compared to the energy imparted to the electron in the 
scattering process. This condition is fulfilled in the present case. 

When x-radiation is scattered by the electrons in a scattering body the to- 
tal effect of the motion of the electrons may be thought of as a superposition of 
two “Doppler effects”—one caused by the initial motion of the electrons, the 
other caused by the motion imparted to the electrons by the radiation in the 
scattering process. The first Doppler effect can in the case of random electron 
motions have either a positive or a negative sign, depending on whether the 
electron’s initial velocity before scattering has a component directed toward 
or away from the vector expressing the change in momentum suffered by the 


* Chandrasekhar, Royal Soc. Proc. A125, 231-237 (1929). 
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radiation in the scattering process. The second Doppler effect can have only 
one sign (corresponding to an increase in scattered wave-length over incident 
wave-length) because the momentum imparted to the electron in the scatter- 
ing process must always be opposite in direction to the vector change in mo- 
mentum of the radiation. Both Doppler shifts will vanish for zero scattering 
angle and be a maximum for a scattering angle of 180°. 

The first Doppler shift having either positive or negative sign accounts 
for the broadening of the Compton modified line. The second Doppler shift 
accounts for the justly famous shift of the Compton line toward longer wave- 
lengths. 











Jo° 30° /50° 


Fig. 1. Schematic illustration of Compton scattering by randomly directed moving elec- 
trons for three scattering angles together with idealized spectra of the resulting scattered radia- 
tion for each case. The constancy of the initial momentum and the increase in the momentum 
imparted to the electron with increasing scattering angle is shown. In this diagram the ran- 
domly directed initial momenta are much exaggerated relative to the imparted momentum. 


Let us define the relative breadth AX, as the breadth at any scattering 
angle divided by the breadth at 180° scattering angle (maximum breadth). 
Let us also define the relative shift 5A, in an entirely analogous way. The 
relative breadth and the relative shift will be shown to be given by® 


5 It is interesting to note that the relative shift is the square of the relative breadth. This 
is because the shift increases with the scattering angle due to fwo causes, (1st because the Dop- 
pler effect from any moving scatterer increases with the scattering angle, 2nd because the veloc- 
ity of the moving scatterer itself increases with the scattering angle in the case of the Compton 
shift) while the breadth increases with the scattering angle due to only the first of these causes 
alone, the velocity of the scattering electron accountable for the breadth being independant of 
the scattering angle. 
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Breadth AX, = sin 36 approximately 
Shift 5A, = sin? 30 


Fig. 1 shows diagrammatically the vectors of light momentum, random initial 
electron momentum and momentum imparted by the scattering process to 
the electron for three scattering angles together with an idealized Compton 
shifted line spectrum for each case. In Fig. 2 the relative breadth and relative 
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Fig. 2. Relative breadth and relative shift computed for molybdenum K radiation using 
Eqs. (10) and (8). The relative breadth is the quotient of the breadth at any scattering angle 
by the maximum breadth which occurs at 180°. The relative shift is similarly defined. 


shift are plotted as functions of the scattering angle. In this case the more 
accurate formula derived below has been used for the computations of rela- 
tive breadth. 


ANALYTICAL SOLUTION 


Case of one free scattering electron only. The solution of this case in the 
form of Eq. (5) was obtained by de Broglie in his “Ondes et Mouvements 
Fasicule” 1. pp. 94-95. The primary radiation is taken as travelling in the 
positive x-direction. 6 is the angle of scattering; v; is the initial frequency; 
8,c the speed of the electron before scattering, a1, bi, ¢:, the direction cosines 
of its velocity and a; =cos 8; so that 0, is the angle between the initial electron 
momentum and the initial light momentum. rz is the frequency of the scat- 
tered quantum and its direction of propagation has the direction cosines , q, 
r, making angle ¢ with the initial velocity of the electron and angle @ with 
OX. Fig. 3 shows the relations of the various vectors and angles. 

Evidently 
cos ¢ = ap + big + car 


p = cos @. 
The recoiling electron has a final speed Bec in the direction defined by the 


cosines G2, be, Co. 
The following four equations express the conservation of energy and of the 
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three rectangular components of momentum before and after the scattering 
process. 

hv, + moc?/(1 — By)? = hve + moc?/(1 — Bo?)!/? (1) 

hyy/¢ + (moBie/(1 — B1?)'!*)ay = (hv2/c) p +(moBee/(1 — Be)"!2)ae (2) 

(moB1c/(1 — B,?)'/*)by = (hve/c)g + (moBec/(1 — Bo)"!?)be (3) 

(moBic/(1 — By?)"!*)e, = (hve/e)r + (moBoc/(1 — Be?)"!?)ce (4) 


Eliminating de, be, cz and 82 and letting a=hy,/moc? we obtain on solving for 
the change in wave-length, 


B,(cos 0; — cos ¢) 2ad, sin? 30 
= : = (5) 


Ao —_ At 1 
1 — By cos 6; 1-8, cos 6; 








where the second term accounts for the simple Compton shift and the first 
term represents the modification caused by the electron’s initial speed 8). 
2 ml 
yl 
| gf 


, 


hy 


——_—>.- 
Cc VOCIOE 77, 
FAM POP 








Fig. 3. Illustrating the various angles and vectors involved in Compton scattering by an 
electron possessing initial momentum. The initial electron momentum is exaggerated. The 
vectors are shown radiating from a sphere at the origin on which the angles between vectors 
appear as arcs of great circles. This sphere is shown merely to aid in visualizing the diagram in 
three dimensions. 


As we are particularly interested in the breadth of the shifted line we de- 
fine a wave-length coordinate, /=2—A,—2ad, sin? 36 so chosen that / has its 
origin at the “center” of the shifted line (shifted position for scattering by free 
initially stationary electrons) and measures the wave-length deviation given 
by the first term of the right hand member of Eq. (5). Then 
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A. cos 6; — A, Cos gd 
1 7” 1 1 By (6) 
1 — 8B; cos 4; 





in which A, is the Compton shifted wave-length for the simple case of an 
initially stationary electron 


A = v1 + 2ar, sin? 30. 


Equation (6) can be much simplified by describing the direction of the 
initial electron momentum in terms of a new angle VY measured from a ref- 
erence axis® taken in the direction of the change in momentum which the ra- 
diation would suffer for the simple Compton case of a stationary electron 
scattering radiation at the angle @. 

In Fig. 4 let OA be the direction of the incident quantum, OB the direction 
of the scattered quantum, OC the direction of the electron’s initial velocity. 
Make the vector OA equal in length to X,, the vector OB equal in length to 


< 





Fig. 4. Illustrating the definition of the “natural” reference axis and of the angle y. It 
should be emphasized that \, is the simple Compton shifted wave-length for the case where 
vector C vanishes (3;=0) and that therefore \, is constant for a given primary wave-length 
and scattering angle and the direction of the natural reference axis is a constant. Note that 
d, is taken along the incident direction and \, along the scattered direction. This inversion is 
caused by the fact that the momenta are inversely as the wave-lengths. 


\; and the vector OC equal in length to 8;. We define a new wave-length A* 
represented to the same scale by the distance AB. Now note that the numer- 
ator of Eq. (6) can be represented in terms of the vectors of Fig. 4 (designated 
by their terminii) as the difference of two scalar products 


C-A-—C:B 


or what is equivalent C-(A—B) 
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The vector whose length is \* is precisely (A— B) hence if ¥ is the angle 
between OC and AB we rewrite Eq. (6) as follows 


cos v 
| = ——_—___2,\* (7) 
1 — 8, cos 6; 
where 
2A* = (A2 + Ay? — 2X.A1 cos 6)!/2, (8) 


The denominator is nearly unity in most practical cases. Thus it is evident 
that the wave-length deviation / from the simple Compton shift caused by a 
scattering electron having an initial velocity Bc (instead of zero velocity) is 
proportional to the projection 8, cos V of the electron’s initial velocity along 
the direction of the vector representing the change in momentum which the 
radiation would suffer if scattered by an initially stationary electron through 
the scattering angle @.° 

This latter direction is a stationary axis in space independent of the direc- 
tion of the electrons’ initial motion and the projection on it in question can 
be either positive or negative, i.e. cos VW may have either sign. Thus the ex- 
treme values of / are given (if 6? is considered negligible compared to unity) 
by the inequality 


— 28:A* + 28,°d* cos 3(x — 6) S 1 S 28,A* + 28,°A* cos 3(r — 6) = (9) 
or if the first power of 8 be considered negligible compared to unity 
— 28iA* <1 < 28,r* (9.1) 
In either case therefore / can vary over the wave-length range 
AN = 48,\* (10) 


for electrons of constant initial speed 8; and all possible directions of motion. 


Case of ensemble of electrons of speed 8c and random direction. Since the 
velocities are uniformly distributed as to direction over the surface of a sphere 
the probability of scattering by an electron whose velocity makes an angle ¥ 
toW+dvV with the above defined natural reference axis’ is 


P(p)dy = 3 sin pdy. (11) 


The probability P(/) of a given deviation / from the Compton shift is then to 
be obtained from Eqs. (7) (11) and the derivative of (7), by eliminating V and 
d¥.’ This gives 


® The vector change in light momentum for scattering at angle @ by an initially stationary 
electron constitutes the natural and appropriate reference axis for the probiem of scattering at 
angle @ by moving electrons. 

7 This operation is much simplified if the denominator in Eq. (7) be first set equal to unity. 
This amounts to neglecting 8 in comparison to unity. 4, is a complicated function of the colati- 
tude y and the azimuth ¢. Taking the above defined natural reference axis as polar axis and 
the plane of the scattering angle as reference plane we have 


cos #, = cosy cos }(r—6) + sin y sin 3(r—8) cosy 
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P(J)dl = (48\*)-'d/ (approximately) (12) 


The relative error committed in this formula is of the order of 8. For 
A*=740 X.U. /=25 X.U. the error committed is about 3 percent. For nar- 
rower parts of the line structure it is even much less. From Eq. (11), since 


d, r 
je— A. (1--cos@) —— 





46X 




















anni 3 


Fig. 5. Spectral distribution curve of originally monochromatic radiation after scattering 
through angle @ by an ensemble of electrons of initial speeds 8c and random directions. 


the right hand member is independent of /, it is evident that all deviations / 
are equally probable within the limits placed by inequality (9). Outside these 
limits the probability is nihil. Thus (see Fig. 5) a good approximation to the 
line structure contributed by the randomly directed ensemble of electrons of 
speeds between 8 and 8+df is a rectangular spectral distribution of breadth 
48X* and of area proportional to the population of the speed class 8 to 8+dB. 
(This distribution is not quite centered on the Compton shifted position but 
as can be seen by reference to inequality (9) is displaced toward longer wave- 
lengths by a slight amount 26 °,A* cos (7 —6@). This shift is wholly inapprecia- 
ble however for values of 8 of importance in the experimental case). 
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Fig. 6. Illustrating the relation between spectral intensity distribution in the Compton 
line (left) and population of electron speed states (right). Each elementary rectangle on the 
left is equal in area to a rectangle on the right while the spectral breadth 48A* of each rectangle 
on the left is proportional to the abscissa 8 of the rectangle on the right. 


Case of ensemble of electrons with random directions and any speed dis- 
tribution, ®(@). The line structure in this case is to be thought of as built 
up out of an assemblage of rectangles of infinitesimal height each having its 
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dimensions determined in the same way as the rectangle of Fig. 5. For conven- 
ience in adding spectral intensities the rectangles must of course be piled on 
top of each other in order of decreasing breadth, that is to say decreasing val- 
ues of 8. Referring to Fig. 6 the curve ®(8) on the right represents the popula- 
tions of the states or speed ranges 8 to 8+d8 required by the dynamics of the 
electrons in the solid scattering body while the curve on the left represents 
the resulting Compton line structure. The elementary rectangular area 2/dy 
in the left hand curve is to be kept proportional to the elementary rectangular 
area ?(3)dp in the right hand curve. If the constant of proportionality is k we 
can express the differential equation of the line structure curve in terms of 
the speed distribution function thus 


— Idy = k&(8)d8 (13) 


since the half breadth of each rectangle is ] = 26* we can replace d8 by dl/2X* 
and 6 by //2X*. Dividing Eq. (13) by —2/ and integrating from y=0, 1 = 0 
to y=y, 1/=1 we obtain the equation of the line structure curve for continuous 
functions which vanish as | 
l=! 
y=—k I-'(1/2d*)dl. (14) 
l=x 
Definition of line “breadth.” For the purpose of the present investigation 
we are especially interested in the spectral “breadth” of curves such as shown 
in Fig. 6 and defined by Eq. (14) and in particular we wish to study the de- 
pendence of the breadth on the scattering angle 6. There is no ambiguity 











Fig. 7. Illustrating terminology of line breadths. 


about the breadth of a rectangular spectral distribution such as is shown in 
Fig. 5 but real Compton lines resemble more nearly Fig. 6, the scattering elec- 
trons being without doubt distributed over a wide range of speeds. We shall 
speak of the “breadth” Ad, e.g. Ad;, AA; meaning the spectral breadth meas- 
ured across the line structure at a specified proportion of its height. Thus we 
mean by @d, the spectral breadth of the line measured at a point half way 
up from the background to the peak. See Fig. 7. 


Dependence of line breadth on scattering angle. Consider what happens 
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to the Compton line as the scattering angle is varied, keeping the primary 
wave-length and the material of the scatterer (and therefore ®(8) ) always 
the same. Under these conditions the only quantity that suffers change is \* 
and referring to Fig. 6 it is evident that all the elementary rectangles of 
breadth 48X* going to make up the line structure will be horizontally extended 
or contracted in the same proportion. The breadth just defined above, AX,, 
will always measure the spectral breadth of the rectangle contributed by one 
and the same class of electrons of speeds between 8 and 8+d8. 

Now A* defined in Eq. (8) can most easily be visualized graphically. In 
Fig. 8 we construct triangles for the values of the scattering angle # = 0°, 22.5°, 


30° 
Weve 673" 


ISTY2° 225° 











A; 





/80 


Fig. 8. Graphical construction for A*. 


45°, 67.5°, 90°, 112.5°, 135°, 157.5°, 180° and make the sides adjacent to @ 
equal respectively to A; and A. where A, =A1+(h/mc)(1—cos 6). The third 
side of this triangle is 2A*. Since \, and A, are nearly equal an approximation 
to A* is 

\* = i, sin 36 (approximately) 


Hence it follows that the relative breadth AX, as we have already asserted with- 
out proof is 
AXr 48i* 


Ad, = = = sin $0 (approximately). 
AX h max 4B* max . il ° 





The reader is referred to Fig. 2 which shows the dependence of relative 
breadth on scattering angle along with the relative shift. The accurate form- 
ula for A*, Equation (8), has been used in plotting this curve. 


RECAPITULATION OF ASSUMPTIONS 


The theory here outlined assumes 
1. Conservation of momentum and energy in elementary processes. 
2. Electron binding energy negligible compared to energy transferred to elec- 
tron in scattering process. 
3. The initial electron velocity small compared to the velocity of light. 











146 J. W. M. DUMOND AND H. A. KIRKPATRICK 


4. Probability of scattering by a given class of electrons proportional to popu- 
lation of the class. 
Assumption 1 is in accord with quantum as well as classical mechanics. 
Assumptions 2 and 3 are most applicable to precisely those cases of interest 
for the Compton effect from radiation of about the hardness of MoK radia- 
tion. Assumption 4 is probably valid for most of the scattering electrons.® 


Part Il. EXPERIMENTAL 
IMPORTANCE OF HOMOGENEITY OF SCATTERING ANGLE 


Because the wave-length shift of the Compton modified line depends on 
the scattering angle the breadth of that line is increased if the scattering angle 
is not sharply defined in the experimental set up. This spurious breadth due 
to inhomogeneity of scattering angle was thought by many physicists to be 
the sole cause of the observed diffuseness of the Compton modified line. At 


oA 
6A= nc (1-058) 





B. « 
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Fig. 9. Illustrating the spurious breadth introduced by a given inhomogeneity of 
scattering angle at different scattering angles. 


only one scattering angle (9@=180°) a considerable angle inhomogeneity pro- 
duces very little spurious breadth because the shift has an analytic maximum 
there. See Fig. 9. Hence several experimenters’ have studied the breadth of 
the modified line at large angles of scattering and concluded that a natural 
breadth exists. There is some disagreement as to its size however. 

For our present purpose it is not possible to resort to the convenient de- 
vice of working at scattering angles near 180° thereby escaping from the 
necessity of maintaining a very homogeneous scattering angle. Since we are 
to examine the dependence of modified line breadth on scattering angle it is 
necessary to work at a number of angles other than 180° and to maintain 
these angles very homogeneous in each case. As all who have worked in this 
field are aware, the requirement of homogeneity of scattering angle is antagon- 
istic to the equally pressing requirement of a large solid angle of radiation 


§ See Compton's “X-Rays and Electrons,” page 291. 

® Sharp, Phys. Rev. 26, 691 (1925); DuMond, Phys. Rev.33, 643 (1929), Proc. Nat. Acad. 
14, 875 (1928), Gingrich, Phys. Rev. 36, 1050 (1930); Nutting, Phys. Rev. 36, 1267 (1930), 
Bearden, Phys. Rev. 35, 1427 (1930). 
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from the source incident upon the scatterer to give sufficient energy in reason- 
able exposure times. Unfortunately there are no x-ray lenses to collect x- 
radiation and render it parallel. 

To circumvent these difficulties the authors have constructed the multi- 
crystal spectrograph. This instrument has been described in detail elsewhere!® 
and will be touched on but briefly here. 


DESCRIPTION OF MULTICRYSTAL SPECTROGRAPH 


The instrument consists of fifty small cylindrical units each a Seemann 
type spectrograph in itself placed vertically on the arc of a horizontal circle 
of about a half meter radius. Let us call this circle the “major circle” of the 
instrument. Each unit contains a brass wedge standing at about 0.1 mm 
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Fig. 10. Geometry of “focussing” and of homogeneity of scattering angle in the multi- 
crystal spectrograph. 6,, 62 and 63 show actual positions of Ka line in the first second and third 
orders respectively. The scattering body is shown set to give homogeneous scattering for the 
first order. 


distance from the cleavage face of a small slip of calcite. The units are orien- 
tated so that each calcite will reflect the Ka doublet of Mo to exactly the 
same point on a photographic film coinciding with an arc of the major circle 
on the opposite side from the bank of crystal units. The geometry of the in- 
strument is such that if one such wave-length coincides or focusses at one 
point on the circularly curved negative all other wave-lengths and orders will 

10 DuMond and Kirkpatrick. Review of Scient. Insts. 1, 88 (1930). The principal improve- 


ment made in this instrument since the above article was written consists in the addition of 
fifty individual adjusting levers for the crystals as well as fifty permanently attached mirrors. 
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also focus at other points on the negative. In Fig. 10 a wave-length A, is 
shown focussed from all fifty crystals at the point @;. The crystal reflecting 
planes if produced would all intersect at the point 8 on the major circle. The 
incoming radiation, if it were not reflected by the crystals to the point 4,, 
would converge in a point a, also on the major circle. a; and @; are distant 
from 8 on opposite sides by an arc 26 where @ is the Bragg angle for the wave- 
length in question. We utilize the fact that the directions of incoming rays 
are concurrent at a@;. A second circle is described so as to pass through both 
the focal spot of the x-ray tube and through a;. The scattering body is shaped 
to coincide with this circle as shown in Fig. 10. Thus the scattering angle is 
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Fig. 11. Geometrical dispositions of x-ray tube, scatterer and 
spectrograph for the three scattering angles studied. 


very nearly homogeneous over all parts of the scatterer. Fig. 11 shows the 
positions of scatterer, tube and spectrograph for the three angles of scattering 
which have so far been studied. The principal sources of inhomogeneity of 
scattering angle are the size of the focal spot of the x-ray tube and the thick- 
ness of the scattering body. The use of 50 crystals instead of one permits the 
tube to be placed much farther away from the scatterer without necessitating 
unreasonable exposure times and thus permits a great reduction in the in- 
homogeneity of scattering angle due to the two above mentioned causes. 


PRECAUTIONS AS TO PLANENESS OF CRYSTALS AND FOCUSSING 


At first sight the instrument just described seems fantastically difficult to 
construct and adjust. As a matter of fact however once a set of fifty good 
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crystals had been obtained and tested for planeness and a satisfactory orien- 
tation method was worked out the task of adjusting them to focus accurately 
took only about two months. We have been pleasantly surprised to find that 
the crystals have remained in good adjustment for a period up to the present 
of about three months. 

One of the most exacting and difficult requirements was to get good slips 
of calcite plane over their entire length. Jn studying the Compton effect it is 
absolutely essential that the crystals be plane over the entire length used in reflect- 
ing x-rays. This is because the scattering body constitutes an extended source 
so that the entire length of the crystal reflects x-rays to each point on the film. 
Thus a twisted crystal will give blurred diffused spectral lines with an ex- 
tended source whereas the same crystal would give sharp but inclined or bent 
lines with a point source. See Fig. 12. Our first care was therefore to insure 
that all crystals should be “plane.” This we tested by means of primary radia- 
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lig. 12. Illustrating how a warped crystal gives a sharp line with a 
point source but a blurred line with an extended source. 


tion from an x-ray tube placed a short distance from the front of the spectro- 
graph. As the tube was much nearer the crystal than was the negative and 
had a rather small focal spot only a small portion of the length of the crystal 
was used in forming the lines on the negative. By moving the x-ray tube up 
and down parallel to the wedge of the Seemann spectrograph any region in 
the height of the crystal could be used to reflect spectral lines to the negative. 
Our practise was to compare in this way the position of lines reflected from 
four points along the height of the crystal with the lines as reflected from the 
midpoint of the crystal. Crystals that failed to reflect lines to the same point 
to within less than half the breadth of a line (or about half an x-unit on our 
spectrograms) were discarded. The backs of the crystals had to be ground to 
fit into their holders before such tests had any significance and on account of 
the numerous discards this constituted one of the most tedious features of 
the experiment. We take a pardonable pride therefore in calling attention to 
the great sharpness of the unshifted lines we have obtained. This sharpness 
bears witness to the planeness and perfection of each and every one of the 
fifty crystals used as well as to the accuracy with which they are focussed. 
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The focussing of the crystals was accomplished photographically. After 
fifty good crystals mounted in the cylindrical Seemann units in the spectro- 
graph had been obtained, one of these near the center was permanently 
clamped in a predetermined orientation so as to reflect the MoKa lines in a 
convenient position on the film. This was called the reference crystal. The 
other forty-nine units were first roughly orientated by means of a flouroscopic 
screen so as to reflect their lines at the same point on the film to within a few 
millimeters. Direct radiation was used, the Mo tube being mounted in a lead 
box in front of the spectrograph on a large wooden sector turning on a pin 
directly under the point a@,;. Divisions marked on the circular edge of this sec- 
tor made it possible at a moment’s notice to align the tube with any desired 
crystal. A lead shield was used to isolate all but the crystal under test. The 
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Fig. 13. Plan and elevation of multicrystal spectrograph. 


fine adjustment of the crystals by photography consisted in taking a photo- 
graph of the Ka lines with the reference crystal and then without disturbing 
the negative taking the Ka lines with the crystal to be adjusted. Shields were 
used in front of the negative so that the reference lines appeared in the middle 
of the height of the negative while the lines from the crystal under test ap- 
peared just above and below. When the focussing of a crystal was acceptable 
its lines joined those of the reference crystal forming continuous lines across 
the negative with no perceptible break or jog at the two junction points. 
Forty-five seconds sufficed to give a good exposure. A complete set of forty- 
nine such pairs of exposures was made testing the state of adjustment of all 
crystals against the reference crystal. These exposures appearing on ten 
pieces of film were all developed, fixed and dried at one time in an especially 
designed holder, thus economizing enormously on the time over what would 
be required for separate development. Each crystal was then orientated 
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through the angle demanded by the error in adjustment indicated in the 
photographs. This could be done with considerable accuracy, thanks to a 
small gilded plane mirror permanently mounted on top of each crystal holder. 
The reflection of a scale 3 meters distant from the mirror was observed with 
a telescope as a means of measuring the angles through which the crystal must 
be turned to correct the error indicated on the photographs. After making 
the indicated orientation adjustments a second set of forty-nine pairs of com- 
parison photographs was taken. A few of the crystals were already found to 
be in perfectly acceptable focus with respect to the reference lines. These 
were eliminated from the remainder of the work by dropping small brass 
covers over their adjusting screws. The cycle was then repeated and each 
time more and more crystals came into acceptable adjustment until after 
eleven cycles all had been satisfactorily adjusted. 

The fine orientation of the crystals is accomplished by means of a small 
steel lever, one for each crystal unit, which can be clamped at one end to the 
projecting shank of the crystal holder. The other end of this lever is given a 
slight sidewise motion to right or left by two conical headed screws pressing 
on opposite sides of two conical holes in which they enter loosely. Fig. 13 
shows a complete plan and elevation of the entire spectrograph. 


Part III. RESULTS 
BREADTH Not DvE TO POOR RESOLUTION OR INSTRUMENTAL DEFECTS 


The unshifted lines on the Compton effect exposures play the role of a control 
on the resolution of the spectrograph. Some workers in this field are under the 
impression that even the unshifted lines in scattered radiation are broader 
than the primary lines. Such however is not the case as can be plainly seen 
on our three spectrograms reproduced in Fig. 14. It is quite evident from an 
inspection of Fig. 14 that the unshifted lines are very much narrower than the 
broad diffuse distribution of the Compton modified radiation. It therefore 
cannot be claimed that the observed breadth of the modified line is caused 
either by poor resolution, poor focussing of crystals, or any other defect in 
the spectrograph since this latter quite evidently gives on the same negative 
very sharp lines. The Ka doublet in the unshifted position is completely re- 
solved. 

No intensifying screens have been used in the exposures with the multi- 
crystal spectrograph. This eliminates any possible blurring due to poor con- 
tact between the intensifying screen and the negative and any falsification of 
relative intensity that such screens might cause. 


X-Ray INTENSITIES AND EXpPosuRE TIMES 


An ordinary molybdenum target Coolidge water-cooled x-ray tube placed 
in a lead housing was used as the source of primary radiation. The radiation 
passed out of the lead housing through a hole of the right size and shape to 
give a beam which would just illuminate the whole scatterer with about a 
centimeter to spare all around. The tube was run at from 20 to 25 m.a. and 
50 k.v. continuously 24 hours a day. The exposure times were respectively 
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360 hours, 223 hours and 897 hours for the scattering angles 63°, 90°. and 
156°. The long exposures were necessitated by the great distance from the 


Molybdenum A Radiation Scattered from Graphite 
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20 m.a. 50 k.v. 
360 hrs. 
18 to 77 cm dist. from 
tube to scatterer. 


63° <A< 64 





20 m.a. 50 k.v. 
223 hrs. 
14 to 53 cm dist. from 
tube to scatterer. 





89° 30'°<0< 90°30" 


20 m.a. 50 k.v. 
897 hrs. 
70 to 120 cm dist. from 
tube to scatterer. 








Fig. 14. Spectra of molybdenum K radiation scattered at three very homogeneous seat- 
tering angles from graphite, taken with the multicrystal spectrograph. Note sharpness of un 
shifted lines and increasing breadth of shifted lines as the scattering angle increases. 


tube to the scatterer. In the case of the 156° exposure the tube was 120 cm 
from the far end of the scatterer and 70 cm from the near end. The large dis- 
tance however gives a huge improvement in homogeneity of scattering angle. 
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HOMOGENEITY OF SCATTERING ANGLE 


The greatest inhomogeneity of scattering angle in any case is one degree. The 
inhomogeneities are indicated in Fig. 14. These inhomogeneities could not 
possibly produce the observed shifted-line breadth but would on the contrary 
give a breadth of about the same order of magnitude as the width of the nar- 
rower unshifted lines. 

To insure this homogeneity of the scattering angle the positions of tube 
and scatterer were accurately located by means of a radius arm capable of de- 
scribing the circle on which they and the point a; must lie. This radius arm 
carries a plumb-bob at its outer end which can be lowered into close proximity 
with the curving scatterer and the point a;. The x-ray focal spot is aligned 


I a 


( 


= 






Fig. 15. General view of experimental set-up. Note the radius arm for locating the tube 
and scatterer, also the baffle plates to reduce background. 


with this plumb-bob by sighting from two directions with auxiliary plumb- 
lines. By measuring the angle through which this radius rod must turn in 
passing from a, to the x-ray focal spot the angle of scattering can be and was 
measured with more than adequate accuracy. In the general view Fig. 15 of 
the experimental set-up this radius arm is clearly visible. 


MobpiFiep LINE BREADTH INCREASES WITH SCATTERING ANGLE 


Even a cursory glance at the spectra of Fig. 14 shows that the modified 
line breadth increases with increasing scattering angle. In order to test this 
quantitatively we have made microphotometric analyses of these spectra. A 
few of the microphotometer curves are reproduced in Fig. 16, and in Fig. 17 
the theoretical curve of relative breadth is plotted for comparison with the 
points corresponding to observed breadths. The adjustment to the theoret- 
ical curve is made for the grand average of the points corresponding to the 
largest scattering angle, the other points falling where they will. The agreement 
is seen to be as good as the reproducibility of the breadth measurements. 

In measuring the breadth of the shifted 8, line the effect of 8. is probably 
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negligible. In the case of the a,@2 doublet, however, the shifted radiation due 
to these two components is confounded in one broad band. It is necessary to 
decompose this into two similar bands 4 X.U. apart and having the relative 
intensities 2:1 required by the known ratio of intensities of a;:a@. This de- 
composition is done by means of the following device: Referring to Fig. 18 
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Fig. 16. Microphotometer curves of the spectra shown in Fig. 14. Five such curves (fifteen 
in all) were obtained for each scattering angle by running the microphotometer slit across the 
lines in different regions of their height. The three curves here shown are fairly typical of the 


let F(x) be the function representing the observed line structure. Let f(x) be 
the curve representing the contribution to F(x) made by the a; line. Then 
the contribution made by the az line will evidently be 3f(x—6) where 6=4 
X.U., the known wave-length separation of a; and az. We have then that 


F(x) = f(x) + 3f(x — 4) 
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where F(x) is experimentally given and f(x) is to be found. From the experi- 
mentally known function F(x) subtract the known function § F(x —6) 

F(x) — 3F(x — 6) = f(x) + 3f(x — 4) — 3f(x — 6) — Ef(x — 28). 
To this in turn add the known function } F(x — 26) 
F(x) — 2F(« — 8) + GF (x — 26) = f(x) — if(x — 26) + Gf(x — 26) + $f(x — 36). 
Evidently if this process be continued indefinitely we shall have 
F(x) — 3F(x — 6) + }F(x — 28) etc. = f(x) 


because the last term neglected will vanish both due to its rapidly decreasing 
coefficient and due to the diminution in f(x —6) as n becomes large. 
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Fig. 17. Measured relative breadths of shifted lines compared with theoretical prediction 
based on initial electron velocity as the cause of breadth. The full line is the theoretical curve. 
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Fig. 18. Illustrating the method of decomposing line structure curves from the Ka doublet. 
In practise the decomposition can be very rapidly effected graphically by 


the following procedure. Construct the curve F(x) representing the observed 
shape of the Compton line to scale and erect equally spaced vertical ordinates 
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with the spacing 6. The value of the ordinate Fy say is corrected by subtract- 
ing from it half the value of F;, its first neighbor to the left, then adding a 
quarter of Fs, subtracting an eighth of F,, etc., etc., until the amounts to be 
added to or subtracted from F, become negligible. All the ordinates are 
treated in this same way. By actual trial on curves of the type of the Comp- 
ton line structure this method has been found to work very well. It is of 
course an easy matter to check the work by adding the two components ob- 
tained in the decomposition process and comparing the sum with the original 
curve. 

In Table I the observed breadths of aj. and 8;. at half maximum height 
are recorded for the three scattering angles studied. Measurements on five 
microphotometer curves taken across the spectral lines in different regions of 
their height are recorded for each scattering angle. The tabulated breadths 
of ai. were obtained graphically by the decomposition method described 
above. 

TABLE I. Breadths in x-units AX. 
























































| Micro- 
10° ° ° - 
633 90 | 156 aa. 
| meter 
Q12%¢ | M- | Ble | M126 | Qi¢ Bie || tire Q1¢ | Bre Run 
13.0 12.1 12.0 16.2 15.6 13.3 \ 22.4 22.8 22.4 1 
12.4 11.5 10.9 || 16.4 15.75 16.0 } 21.8 21.2 19.4 2 
13.0 ae.t 1.5 || 15.75 15.15 15.75 || 23.0 23.0 20.6 3 
13.0 1.1 12.1 || 16.4 3.75 16.0 23.0 23.0 20.6 4 
13.0 | 12.1 | 10.9 || 16.4 15.75 15.2 | 22.2 21.9 21.5 5 
| ] Sk ees 
12.9 | 12.0 | 11.5 || 16.2 | 15.6 | 15.2 || 22.5 | 22.4 | 20.9 ‘Average 
11.8 15.4 21.6 Grand average of 
a, and fj. 
51% 69% 97% Theoretical relative 
Breadths 


MopIFIED LINE BREADTH INCREASES WITH PRIMARY WAVE-LENGTH 


Attention is called to the fact that in Table I the average breadths of a. 
are systematically higher than the average breadths of 8;.. We do not feel 
that the precision of our breadth measurements justifies more than a claim to 
a qualitative agreement with theory in this respect. It is interesting to note 
however that in each case the longer primary wave-length gives the broader 
shifted line and that the breadths are in about the same proportion as the 
wave-length in agreement with the formulae 


Ad = 48A* 
A* = (A? + A? — 2A1A, cos 8)! /? 


h 
Ae = Ay + —(1 — cos 8) 
mc 


CAUSE AND ELIMINATION OF HEAVY BACKGROUND 


It has been noted by many observers that the background intensity rela- 
tive to the line intensity in the spectra of scattered radiation is much stronger 
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than in the case of the primary radiation. Many explanations have been 
offered for this, all of which probably contributed to the effect in some small 
measure. We believe that we now have unquestionable evidence however that 
the great bulk of this enhanced background effect is due to non-selective scat- 
tering at the crystals and crystal wedges. General, amorphous, or non-selective 
x-ray scattering by the crystal in a spectrograph is due to scattering of the 
modified Compton type. Such scattering is incoherent and hence non-selec- 
tive as to wave-lengths. It is also non-specular, i.e. the conditions of equality of 
incidence and reflection angles is not imposed. This means that a given point 
on the negative can receive radiation of all wave-lengths by this scattering 
process from all parts of the scattering body. This same point on the negative 
can by spectrally selective Bragg reflection only receive one wave-length 
scattered from one very small portion of the scattering body. Hence, though 
the modified scattering may be smali, it is greatly favored by the fact that 
it is integrated over a wide range of continuous spectrum and over a broad 
solid angle as large as the scatterer can subtend. With these considerations in 
mind we have tried the effect of introducing a set of baffle plates in front of 
the spectrograph in such a way as to greatly limit the solid angle of radiation 
which can be collected at the crystal and wedge. With these baffles in place 
each crystal can only “see” a very small segment of the scatterer about three 
centimeters long at most whereas without the baffles each crystal was exposed 
to scattered radiation from a large part of the entire 55 cm length of the scat- 
terer. The baffles leave plenty of room for the formation of the entire shifted 
and unshifted K spectrum however which only covers a range of about three 
degrees. These baffles can plainly be seen in the general view Fig. 15. See 
also Fig. 10. 

The result of introducing the baffles was most striking. Whereas without 
the baffles the back-ground fogging of our negatives was so strong as to nearly 
obscure the unshifted and shifted lines, rendering the negatives quite hope- 
less for reproduction this background was entirely suppressed as soon as the 
baffles were introduced. We feel certain therefore that the non-specular, non- 
selective scattering at the crystal faces and wedges is responsible for the 
heavy background. 


MEASUREMENTS OF SHIFT 


As a check on the Compton formula for the shift, 4 =(h/mc) (1—cos 6) 
we have plotted in Fig. 16 the positions predicted for the shifted lines by the 
above formula assuming /}/mc = 24.2 X.U. as computed from present accepted 
values of these constants. The agreement is good and seems to eliminate the 
possibility of a 9 percent deviation from this value reported recently by other 
observers."' 


CRITICAL DISCUSSION OF RESULTS 


The line breadths which we have observed and reported in this paper are 
not in accord with the observations of two other observers, namely J. A. 


1 Davis and Mitchell, Phys. Rev. 32, 331 (1928). 
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Bearden” and N. S. Gingrich" both of whom have studied the breadth of the 
modified line at large scattering angles (to reduce the broadening from angu- 
lar inhomogeneity) using the double crystal spectrometer. These experi- 
menters obtain lines broader than the unshifted lines but still sufficiently nar- 
row to show partial resolution in the case of the shifted Ka doublet. P. A. 
Ross, using his ingenious balanced filter method, also seems to observe a 
partial resolution of this doublet. This method however does not give very 
distinct evidence as to the breadth of the shifted line. Ross’ and Bearden’s 
primary wave-lengths were somewhat shorter than those used in the present 
investigation and Ross’ angles of scattering are smaller. Both these condi- 
tions would, if the theory presented in this paper is correct, tend to give these 
observers a somewhat narrower shifted line than that here reported. N. S. 
Gingrich however reports narrower lines than ours under conditions nearly 
identical to ours. Indeed his scattering angle is larger and is inhomogenity of 
scattering angle about twenty times as great as ours. His modified MoKa 
radiation observed with the double crystal spectrometer appears as two 
sharply pointed peaks partially resolved at the base. We are completely at a 
loss to explain the discrepancy between our results and his. Examination of 
our photographic spectrograms (here reproduced Fig. 14) shows not the slight- 
est suggestion of resolution of the shifted Ka doublet although the resolution 
of our spectrometer as proved by our well resolved unshifted lines is amply 
sufficient for this purpose. The principal difference between Gingrich’s con- 
ditions and ours was the use of the double crystal (high resolution) spectro- 
meter in place of our multicrystal spectrometer, the use of much greater 
X-ray intensities incident on his scatterer than ours and the presence of much 
greater inhomogeneity of scattering angle in his case than in ours. 

On the other hand however recent photographic results published by F. L. 
Nutting show a broad modified 8, line in good agreement with our modified 
line breadths and much too broad to permit of resolution of two lines as close 
as MoKa,,2. Our present modified line breadths are also in good qualitative 
agreement with those obtained previously by DuMond" for aluminum and 
beryllium scatterers with a photographic method at large scattering angles. 
(As the scatterers are different no more than qualitative agreement is to be 
looked for here). Finally our line breadths agree with those obtained photo- 
graphically by Sharp’? under large and homogeneous scattering angles and 
with primary radiation and scattering substance substantially the same as 
ours. 

We cannot understand why the photographic methods used with adequate 
resolution should yield broader modified lines than the double crystal spectro- 
meter. Perhaps some hitherto unsuspected parameter affects modified line 


2 J. A. Bearden, Phys. Rev. 35, 1427 (1930). 

18 N.S. Gingrich, Phys. Rev. 36, 1050 (1930). 

44 J. W. DuMond, Phys. Rev. 36, 146 (1930). 

46 F.L. Nutting, Phys. Rev. 36, 1267 (1930). 

© DuMond, Phys. Rev. 33, 643 (1929); DuMond, Proc. Natl. Acad. 14, 875 (1928). 
17 Sharp, Phys. Rev. 26, 691 (1925). 
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breadth. Such parameters might be the x-ray intensity incident on the scat- 
terer or the electrical potential of the scatterer. These seem highly unlikely. 

We are now carefully investigating the possibility that multiple scattering 
may exaggerate our line breadths. Our method of doing this is to make an 
exposure at 156° with a scatterer cut up into small pieces with intervening 
properly orientated lead baffles which will almost entirely eliminate the pos- 
sibility of multiple scattering. There are two reasons why we can almost cer- 
tainly predict a negative result from this control experiment. 

First, the scattered radiation from the entire scatterer at a point outside 
the direct beam but not far distant from the scatterer itself can be faintly 
seen on a fluorescent screen. At this point it is certainly less than one percent 
of the intensity of direct radiation incident on the scatterer. It seems then 
unlikely that the ratio of intensity of scattered radiation from the scatterer 
incident a second time on the scatterer to primary intensity should be more 
than one percent and this is too small to account for the discrepancy between 
our modified line breadth and that of Gingrich. 

Second, our present modified line breadths are in agreement with those 
above mentioned of Sharp, Nutting and DuMond, each of which was obtained 
under conditions which should give if anything less double and multiple scat- 
tering than Gingrich had. 

Absolute breadths of shifted lines. Our purpose in this article has been 
especially to test the functional dependence of the natural breadth of the 
shifted lines on scattering angle and primary wave-length and to compare 
this with the functional dependence to be expected if the initial velocities of 
the scattering electrons cause the breadth. We hope to present in the near 
future a careful study of the electron velocity distributions to be expected 
from the shapes of our line structure curves. We will state at the present time 
merely that the breadths of our lines do not seem inconsistent with the ve- 
locities to be expected in the carbon atom. A very considerable task of theo- 
retical computation and reduction of our experimentally observed curves re- 
mains to be performed before we can definitely draw a favorable or unfavor- 
able comparison between observation and theory on this point. Our observed 
breadths at half maximum recorded in this paper correspond to a class of elec- 
trons the ratio of whose velocities to the velocity of light is 8 =0.0076. This 
is equivalent to about 15 volts. 

In conclusion we wish to express our appreciation of Dr. Millikan’s sup- 
port of this research and of the patience and skill of Julius Pearson, our in- 
strument maker, who developed the technique and did the tedious work of 
grinding and fitting the small calcite units into their holders. 

NoTE ADDED TO PROOF: We have just developed a 900-hour exposure at 
156° scattering angle with a graphite scatterer divided into fifty parts by 
lead baffles so orientated as to permit the entrance of the incident radiation 
and the exit of the scattered radiation, but arranged to prevent any multiple 
scattering by exchange of radiation from one unit to another. The units 
have smaller dimensions than the scatterer used by N. S. Gingrich. We be- 
lieve therefore that our multiple scattering should be less than his. The 
Compton line however on this exposure appears with the same breadth as the 
one reproduced in this paper. 
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LINES OF OXYGEN 
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ABSTRACT 


The chief triplet of oxygen \1302 has been measured in the third order of a 
vacuum grating spectrum having a dispersion of 1.7A per mm. 

On the basis of these measurements, the ground triplet term of oxygen 2s?2p**Ps, 
3P,, 3Po has the revised values 109837.1, 109679.17, 109610 .52 giving the ionization po- 
tential of oxygen as 13.550 volts. 

Nebulium lines have been produced in the laboratory for the first time. The two 
lines 46300 and \6364 have been remeasured, and their values, together with the new 
values of the *Pow term, are used to give more accurate values of the metastable 
levels of oxygen. 

The coronal line \6374.2 is pointed out as being identical within limits of experi- 
mental error with the oxygen line \6374.29. This would indicate the presence of oxy- 
gen in the solar corona. 


INTRODUCTION 


UNGE and Paschen! made the first classification of the spectrum of 
oxygen. On the basis of their analysis we have known of two types of 
multiplicity in the terms of this spectrum, namely, those now known as 
quintet multiplicity and triplet multiplicity. The next extension of our knowl- 
edge of this spectrum was the discovery of the ultraviolet triplet series by 
the author.? These series arise from the combinations of a new triplet ground 
term 2s°2p*, *Poi. with some of the triplet and quintet terms already known. 
At about this time the development of Hund’s theory of complex spectra 
made it manifest that the electron configuration (2s*2p*) of the normal oxygen 
atom gives rise not only to the 2s?2p**Po. term already found, but also to 
the 2s°2p4 'Do, 2s°2p* 'So terms as well. These latter terms became as impor- 
tant as the *Po. ground term, since they arise from the same electronic con- 
figuration. 

The first important discovery in the search for these terms was that due 
to McLennan’ and his co-workers, who first reproduced the green auroral line 
\5577 in the laboratory and showed that it was due to oxygen. This was 
confirmed in a quite different manner by the author* who found that its 
wave number was exactly the frequency difference of two strong oxygen 
lines \1217 and \999 which were unclassified at that time. 


1 Runge and Paschen, Ann. d. Physik 61, 641 (1897); Astrophys. J. 8, 70 (1898). 

2 J. J. Hopfield, Astrophys. J. 59, 114 (1924). 

3 J. C. McLennan, J. H. McLeod, and McQuarrie, Proc. Roy. Soc. A114, 1 (1927); McLen- 
nan, McLeod and R. Ruedy Phil. Mag. 6, 558 (1928). L. A. Sommer Zeits. f. Physik 51, 451 
(1928). 

‘ J. J. Hopfield, Phys. Rev. 29, 923 (1927). 


160 











VALUES OF OT TERMS 161 


Bowen's’ discovery that the prominent nebular lines represent transi- 
tions between metastable terms of atoms or their ions suggested at once that 
the auroral line 5577 might arise in such a transition in neutral oxygen. This 
was actually found to be the case by McLennan, Sommer’ and others by the 
magnetic splitting of the line showing it to belong to the singlet system, and 
presumably to the transition 2s*2pt 'Dy.—2s°2pt 'So. The discovery that the 
two ultraviolet lines 41217 and \999+ involve a new and common term added 
another to the list of singlet terms. Too few of these terms were as yet known 
to form a Rydberg series, and no combinations of them with the known 
oxygen terms had been found. 

lrerichs® made a most important contribution to our knowledge of these 
terms when he found a sufficient number of them to form such a series and 
thus evaluated the limit of the series the 2s*2p''D. metastable term. This 
lixed the position of the singlet terms with reference to the known scheme 
of oxygen terms. 

His evaluation of the 2s°2p* 'D. term, however, contains two sources of 
error, first the rather large error in the measurement of ultraviolet lines, and 
second, the error of fitting these lines into a none too accurate formula when 
relatively few lines of the series are known. The experimental errors cannot 
be obviated but they can be reduced by using more precise instruments. The 
second error, although it may be large, is an additive one and is of no conse- 
quence when one is dealing with lines of the same system. It becomes a seri- 
ous difficulty when one is dealing with lines forming intersystem combinations 
when these systems of terms have been independently determined. If, how- 
ever, such combinations are once identified and measured, this source of error 
immediately drops out and there is left only the experimental values to be 
improved. Happily, Paschen’ has now found such combinations in new lines 
on plates which | took of the oxygen spectrum while working in his laboratory 
and Sommer* has also found them in the spectrum of the aurora. I have 
now remeasured these lines, fixing the terms more accurately, and I have also 
redetermined the value of the 2s?2p* *Py.2 ground term from new data. These 
improved values conjointly give a correction of 7.5 cem™! to be added to all 
the singlet terms. It should be borne in mind that all the singlet terms are 
not fixed with the same accuracy by this correction. Fortunately, the 2s*2p* 
'Ds term is accurately fixed by these corrections, and also the 2s*2p* 'S, term 
which is linked to the former by the aurora line. Although the same correc- 
tion has been added to the remaining singlet terms, they still contain the rel- 
atively large error of the original ultraviolet measurements. The remaining 
terms of the table given by Frerichs are already linked to the Paschen-Runge 
terms of oxygen and need no correction. 


*°1.S. Bowen, Ast. Soc. of the Pacific Pub. 39, 295 (1927). 
" R. Frerichs, Phys. Rev. 36, 398 (1930); Phys. Rev. 34, 1239 (1929), 
7K. Paschen, Die Naturwissenschaften, 34, 752 (1930), 


S}.. A. Sommer, Die Naturwissenschaften 34, 752 (1930), 
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EXPERIMENTAL 


(a) Measurements of the 1302 triplet of oxygen. The 1302 triplet of 
oxygen was photographed in the third order of a 3-meter vacuum grating 
spectrograph with iron lines of the first order as standards. The spectro- 
graph was designed by the author and built in this laboratory. The disper- 
sion in the third order is 1.7A per mm. Fig. 1b shows these spectra. It is 
noticed from the figure that the oxygen lines are longer than the iron lines 
used for comparison. This, of course was due to an adjustable shutter before 
the plate that limited the comparison spectrum. It was rather fortunate for 
this purpose that such a shutter had been provided, because two of the lines 
4A1305—6 are blended with weak iron lines. 1302 is quite free from iron 
lines. The unblended line \1302 was measured with the iron lines as stand- 
ards, and a considerable number of iron lines were measured in each direction 
in order to calibrate the plate. The measurements were obtained from two 
plates, the one mentioned above and another in which the shutter was not 
used with the comparison spectrum. The other two lines, \A1305-6, were 
measured at the portions showing below the iron spectrum. In this case the 
plate had not been disturbed from its previous setting in the comparator. 
41302 was used as the reference line and the correction curve already deter- 
mined for this plate from the iron spectrum was applied. 

Since the light from the iron arc was shined through the discharge tube 
that generated the oxygen spectrum, it is quite certain that the same portion 
of the grating was illuminated in both cases. Whether the reflecting power of 
the grating for the regions \1300 and A3900 which are here superimposed 
remained relatively constant for both spectra was of course not determined 
and would remain as a source of error if the spectra were not exactly focussed. 
The focus was very sharp, however. The wave-length of these lines, as well 
as those of the comparison spectrum are given in Table I. 


TABLE I, Ground triplet term of O I 


























d (vac) vy (cm) Classification Av 
1302.185 76794 .00 2s?2p* §P,—2s*2p's*S, 
158.13 
1304.872 76635 .87 2s?2 pt §P, —2s*2p*s8S, . 
68.65 
1306 .042 76567 .22 2s*2p* *Po—2s*2p's'S, 
Improved values of *Poiz ground term. Lines used as standards. 
2s?2p**P2 109837 .3 d (1.A.) d (1.A.) 
3P; 109679.17 . 
‘Po 109610 .52 3897 .898 3906. 484 
lonization potential of O I, 13.550 volts. 3899 .713 3920 . 266 
3902 .950 3924 .916 








(b) Nebular lines \\6300, 6364, coronal line \6374. Since the two oxygen 
lines 46300 and \6364 are the only “nebulium” lines yet produced in the labo- 
ratory, it seems worth while to relate under what laboratory conditions they 
appeared. The discharge tube was made of quartz. It was II-shaped, had an 
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internal diameter of about 8 mm and a total length of about 80 cm. It con- 
tained large nickel electrodes in the two legs. The horizontal part of the tube 
faced the slit of the spectrograph end-on. The whole tube was immersed in 
a bath of running water for cooling. Pure oxygen was obtained electrolytic- 
ally. It was dried by passing it over phosphorus pentoxide. The gas was 
allowed to flow through the discharge tube continuously, being admitted by 
a torsion capillary valve of glass and pumped out by oil and mercury vapor 
pumps. The pressure in the discharge tube was not measured but it was esti- 
mated to be between 1 and 2 cm. A 5000 volt 5 kilowatt transformer was 
used without auxiliary inductance or capacity, and the current employed was 
between 1 and 1.2 amperes being regulated by a flowing water rheostat in 
series with the discharge tube. After the discharge tube was well cleaned by 
long running, the spectrum, a part of which is shown in Figure la, was photo- 
graphed. The spectrograph used for making the picture was a Zeiss 3-prism 
instrument giving a dispersion of 29A per mm at 46300. Neighboring oxygen 
lines were used as standards, and the Hartmann interpolation formula with 
a correction curve was used in measuring the plate. Visual observation of the 
appearance of the discharge might be of interest. When the tube was viewed 
end-on through the plane quartz window the discharge formed a red core 
down the axis of the tube, and this core became gradually more diffuse off 
the axis. When viewed with the spectroscope the green aurora line was very 
prominent, being about as strong as the neighboring green triplets. Besides 
the oxygen lines the only visible lines were Ha. Long exposure photographs 
also showed traces of the Angstrom CO bands. 

The plate used was a panchromatic plate sensitized for infrared as well. 
The duration of exposure was twelve hours, although two hours’ exposure 
was sufficient to give the “nebulium” oxygen lines. 

Table II gives the wave-lengths of the nebular lines and the previously 
unidentified coronal line \6374. 


TABLE II. Nebular lines and coronal line of oxygen. 














nN I y Classification . Av - 

Nebular 6300.23 4 15808 .05 (4S)2s?2 p*8P,—(?D)2s*2p*'D, 
158.70 

Nebular 6363.88 1 15709.35 (4S)2s?2p*8P, —(?2))2s?2p*'D, 


Coronal *6374.292 6 15683 .64 Unknown 








Metastable ground terms. 


Term Term values Distance from r (L.A.) 








Oxygen lines used as standards. 














(revised) ground level °P2 
6256.616 6323 .283 
(2D)2s?2p*'!D, 93969 .5 cm7 1.957 volts 6264.346 6324 .682 
(2P) 2522 pt 1So 76044.5 4.168 volts 6266. 692 6366. 282 














* This value is that obtained from Frerichs’ table (loc. cit). The value which I obtain is 
6374.24, and is less accurate than his. 


Table III is a list of revised values of the terms of oxygen. The table is 
copied from Frerichs’ work. The corrected terms are indicated by asterisks. 
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TaBe ILI.° O J Terms (corrected). 
| *3P,:  109837.3 
2p | 
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8S.:  360609.0 3); 8702.9 | %P.: —4072.1 | 
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3):: 8683.0 | %Py: —4088.8 
"De: 7108.5 | “Py: —6083.5 | 
| | spy: 23211.9 | 3m: 3876.1 | 3D: —17443.8 | 
| | SPs: 2329.2 | Fy: —3883.0 | aDg: -17449.5 | 
| §P3:  23205.8 | 3F:: 3888.7 | Dy: —17452.9 | 
8Py: 1207.7 | Diss | 3Po- 
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°P) spy: 21207.2 | *Pi: —3459.8 | 1D, 
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5Doiess: 12417.3 5Gsas | * Fes 
3 Fo34 SD i23 
3D i293: 12350.0 3D y03 | 3Poi2 | 
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2s*2p3 | 3d | | 1G, iD, 
| “Fy: —14487.5 | 
1D, 
iP, 
1So 
Sz: 14358.5 | Dios 3Pors 
4s | 8D: 13012.5 | “Dz: —12904.5 | 3P, 
| = | SPys 0742.5 | 8 Fagg 3D 193 
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Po. 10157.5 | 8Dy: —15949.0 | 2D, 
8P ore IP, 
IF; } 1So 
IDs 
IP, 
5s | 8S: 7720.8 3D i903 | 3P oy 
| Si: 7425.6 | "Dz: —19295.5 | Py 
5S,: 4817.9 | 3D y93 3P ire 
6s | 38): 4072.8 | “Ds: —22088.5 | 1P, 
7s BSy: 3291.9 | 3D ios | 3P ore 
3S): 3210.2 | "Dy: —23574.5 | IP, 
dsp | 2p | | *P2: —13458.0 
3P\;; —13516.9 
i | | —13548.9 





* Altered values of terms: § numerical error corrected. 


3Po: 








Tables I and II give excellent agreement of the spacing 2s?2p* *P.— 
This confirms also the identification of the lines 


2s°2p* *P; ground terms. 


46300 and 46364 with even greater precision than that given by Paschen. 
The accuracy of the measurement of these two nebular lines as produced in 
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oxygen together with the more accurate evaluation of the 2s*2p* *Po. ground 
term justifies the revision of the term values given in Table III. 

It is rather remarkable that these nebular lines can be produced in the 
laboratory when the conditions for their production are extremely low pres- 
sures according to Bowen. The pressures in the nebulae are undoubtedly very 
small, but the pressure in the discharge tube was, as already mentioned, rel- 
atively high. 

The wave-length of the red coronal line \6374.2, as given by Campbell 
and Moore,’ seems to be identical with the unclassified oxygen line \6374.29 
which is shown as a strong line on the plate, Figure la. This line is not en- 
tirely new, as Kayser records it in his “Tabelle der Hauptlinien—” as \6373 
and due to oxygen. Frerichs has it in his list of unclassified lines as \6374.292 
This coincidence in the wave-lengths of the oxygen and the coronal line and 
also the fact that the line occurs in an isolated position in the oxygen spec- 
trum when only lines of OI were present would seem to indicate their identity, 
and is strong evidence of the presence of oxygen in the sun’s corona. Really 
to prove the identity of these two lines a more accurate determination of 
the line in the corona is necessary. 

Since this line is one of the brightest in the coronal spectrum, being second 
only to 45303 of the corona, the terms in oxygen which give rise to it become 
of great interest. The most promising lead in their identification would be a 
study of the Zeeman pattern of this line. This, so far as I know, has not yet 
been made. 

This investigation has been greatly assisted by the grant of a fellowship 
by the John Simon Guggenheim Memorial Foundation that allowed the 
author the privilege of a year’s study in Germany. I am also greatly indebted 
to Professor F. Paschen, President of the Physikalisch-technische Reich- 
sanstalt, for putting every facility of his excellent spectroscopic laboratory 
at my disposal. 


* Campbell and Moore, Publications of the Lick Observatory Bulletin 318, 8 (1918). 
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STRUCTURE MEASUREMENTS IN THE BeEH BANDS 


By Wittiam W. Watson anp ALLAN E, PARKER 
SLOANE Puysics LABORATORY, YALE UNIVERSITY 
(Received December 2, 1930) 


ABSTRACT 

An intense spectrogram of the 44991 BeH band has been obtained in the third 
order of a 21-foot concave grating with a dispersion of 1.286A per mm. Every P and R 
line of the (0, 0) band in the strong interval K’’=6 to 20 is accompanied by a very 
weak line in the position calculated for Be*H, except where a strong line of another 
branch prevents measurement. The relative intensities of the BeSH and Be*H lines are 
about 1:2000. Discussion shows this to be a reliable indication of the presence of a 
small amount of a beryllium isotope of mass 8. 

This BeH band system is composed solely of the Av =0 sequence, with the band 
origins forming a head at the (4, 4) band, thus accounting for band origins on both 
sides of the (0, 0) origin in this same sequence. The doubling of the branches at the 
origin is observed, the relative intensities of the components being in complete agree- 
ment with those predicted for case 6 doublet states. The system represents a “Il? 
transition with | =1.97 cm™ for the *II state. Peculiar A-type doubling relations and 
the reverse bending of the branches for high A values are discussed. 


INTRODUCTION 


oo any table showing the a-particle plus proton and electron 
content of known nuclei’! leads to the prediction that the nucleus of 
mass 8 should be found as an isotope of beryllium, the mass spectrograph has 
failed to reveal it. This has led Atkinson and Houtermans*’ in their theoretical 
consideration of the possibility of the building-up of the elements in the stars 
by the penetration of protons into the nuclei to postulate that the Be* nucleus 
is unstable, disintegrating into two a-particles. But it is not certain that 
nucle which are integral multiples of a-particle units are necessarily com- 
posed solely of a-particles.* However, Lord Rayleigh has pointed out* speci- 
mens of the mineral beryl have been found to contain an unexplained amount 
of helium. If this helium originated from Be>, it would indicate that this Be 
isotope “has existed within geological times, and subsequent to the formation 
of the mineral.” And since nothing is really known about its instability, some 
Be* may very well still exist in Be minerals, as existing temperature condi- 
tions would not cause its disintegration. If so, the band spectrum method of 
isotope study should detect its presence. 

Band systems due to the diatomic molecules BeO, Bek’, and BeH have 


1 Cf, for example W. D. Harkins, Chem. Reviews 5, 371 (1928); G. Beck, Zeits. f. Physik 
47, 407 (1928); HI. A. Barton, Phys. Rev. 35, 408 (1930). 

2 R. d’E. Atkinson and F. G. Houtermans, Zeits. f. Physik 54, 6604 (1929). 

3S. Meyer, Sitz. Akad. Wiss. Wien, IIT A, 138, 431 (1929), 

‘ Lord Rayleigh, Nature 123, 607 (1929), 
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been obtained in emission from an are. The are is not a good source for the 
detection of faint isotope lines,’ but the satisfactory production of these spec- 
tra in absorption would seem difficult because of the high temperatures nec- 
essarily involved. Of the emission spectra that of BeH at 44991 is the best for 
this investigation because it can be obtained with very great intensity at high 
dispersion, and because the bands have the open structure characteristic of 
hydrides. This band system has been previously examined by one of us," and 
a preliminary investigation’ of one of these spectrograms for possible Be*H 
lines revealed a number of very weak lines in the calculated positions. It 
seemed likely that more intense spectrograms at still higher dispersion would 
give additional and more detinite information on the question of the isotopic 
origin of these faint lines. 


EXPERIMENTAL PROCEDURE 
The source of radiation was a 110-volt de are between beryllium electrodes 
in a hydrogen atmosphere at about 6cm pressure. The arc current was held at 
about 5 amperes. With this reduced hydrogen pressure the Be arc runs much 
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Fig. 1. Reproductions of the \4991 Bel] bands. a. Short exposure. Shows the relative 
arrangement of the P,Q, and & branches and the formation of a vibrational head. 6. The 10- 
hour exposure measured for isotope effect. Note the head formed by the RX branch which near 
the origin has increasing line spacings towards the violet. c. Enlargement of the region of the 
origins. The doubling of the first P branch lines is evident. 


steadier and the BeH bands are emitted much stronger than when atmos- 
pheric pressure of hydrogen is used. Because of the heat developed, it was 
found necessary to interrupt the exposure at frequent intervals. 

The spectrum was photographed on Eastman panchromatic plates in the 
third order of a 21-foot concave grating in a stigmatic mounting, the disper- 
sion being 1.286A mm. For the most intense spectrograms the total elapsed 
time was 10 hours, but of this we estimate slightly more than 4 hours to be 
actual exposure time. In Fig. 1b, which is a reproduction of this spectrogram, 
the great intensity of the principal branches is evident. 


5 ALS. Wing and R. T. Birge, Astrophys. J. 72, 19 (1930) discuss this point in detail in 
connection with their discovery of C™ in the spectra of C2, CO, and CN, 

'W.W. Watson, Phys. Rev. 32, 600 (1928). 

TW.W. Watson, Phys. Rev. 36, 1019 (1930), 
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IsoToPE EFFECT 


In computing the isotope shift of the possible weak lines originating in 
Be*H the procedure is as follows. Assuming the masses of the two isotopes to 
be exactly 9 and 8, and taking the mass of hydrogen as 1, the usual isotopic 
coefficient p = [(1/8+1)/(1/9+1) ]!=1.00625. If the values of these Be nu- 
clear weights are computed by interpolating between Li and B on the known 
packing-fraction curve’ one obtains 9.013 and 8.013. These masses, together 
with /7=1.008, give a value for p identical with that just mentioned. We 
have, then, p — 1 = 0.00625, p?— 1 =0.01250, p’ — 1 = 0.0187, and p*— 1 =0.0256. 

The vibrational isotope shift is given by 


Av = (9 — 1) [w.'(o’ + 3) — we"(v” + 4)] 
a (p? sen 1) [wo.' x’(v’ + 3)2 ™ we! x!" (v"" + 4)2] 


which, as we shall concern ourselves only with the P and R branches of the 
(0,0) band, becomes 


2(p — 1)(we’ — we!) — §(p? — 1)(we' x” — wel’ x"). 


Since the bands in this BeH system compose the Av=0 sequence only, the 
values of the vibration frequencies w,’ and w,” cannot be exactly determined. 
However, it is certain that these quantities are almost equal for these bands,® 
and that therefore their difference will be small. Hence the constants w,’ 
= 2053 cm and w,” = 2025 cm™ computed in the earlier work from the rota- 
tional data for the (0, 0) band will suffice in their place. These, together with 
the w,’x’ —w,”x" difference given in reference 6, placed in this vibrational iso- 
tope effect equation gives Av’ = +0.11 cm™. 

The rotational isotope effect has been computed after the accurate manner 
recommended by Birge,® using the coefficients of the rotational energy term 
from reference 6. Even the sixth powered term in the rotational energy with a 
mass factor p’—1 becomes appreciable in this case for K >15, and is equal to 
0.05 cm! at K=20. Since the Be® isotope is lighter than the main Be’, the 
the rotational istope effect is + (towards higher frequency) in the R branch 
and — (towards lower frequency) in the P branch. The vibrational contribu- 
tion of 0.11 cm™ is then to be added to the rotational shift for the R branch 
lines and subtracted from this shift for the P branch lines. 

Calculations of the expected positions of Be*H lines have thus been made 
for all of the stronger P- and R-branch lines of the (0, 0) band. Measurement 
of the plate reveals a very weak line at the calculated point for every P and R 
line in the interval K”=6 to 20 except where an overlapping or adjacent 
strong line of another series makes measurement impossible. Table I gives the 
comparison of the calculated and observed displacements of these weak lines 
from the corresponding Be*H lines. The average discrepancy between the 
calculated and observed shifts is 0.04 cm~ in the P branch and 0.05 cm™ in 


8 F. W. Aston, Proc. Roy. Soc. 115, 487 (1927). 
* R. T. Birge, Trans. Faraday Soc. Dec. 1929. 
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the R branch, which is of the order of magnitude of the possible elec tronc 
isotope shift. 

The relative intensities of these weak and main-branch lines are rather 
difficult to obtain. Fig. 2 is a copy of a microphotometer trace of the P(17), 
P(18) line region taken with the 40:1 magnification ratio of a Koch-Goos 
registering microphotometer. Since the deflection for the strongly over-ex- 
posed main lines as against that for the background on the plate is no measure 
of the intensity of these lines, such a trace serves merely to indicate the char- 
acter and relative positions of these very weak lines among their stronger 
neighbors. To get some idea of the correct relative intensities of these lines, 
spectrograms were taken of the bands under identical conditions for various 
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Fig. 2. Copy of microphotometer trace of the region of the BeH bands including the P(17) 
and P(18) lines showing the very weak lines attributed to BeSH. 


very short times in order to determine the time of exposure which would give 
the Be®H lines with the same intensity as noted for the weak Be§H lines with 
the long exposure time. An exposure of but 15 seconds, which is approxi- 
mately 1/1000 that of the 4 hour time for the main exposure, produced the 
P(17) and P(18) lines with about the same intensity as these Be*H lines. 
Comparison of the areas under a microphotometer trace of these 15 second 
lines and the 4 hour Be*H lines verified their approximate equality in inten- 
sity. Then making allowance for the fact that general background on the 
plate for the long exposure tends to increase the intensity of very weak lines, 
the conclusion is reached that the correct relative intensity of the BeSH and 
Be®H lines is more nearly 1:2000. 


THE RELIABILITY OF THIS INDICATION OF A BE? IsoTOPE 


_ The most cogent argument against the conclusion that these measure- 
ments indicate that a small amount of a Be isotope of mass 8 really does exist 
would be that since there are such a large number of lines in this system, the 
agreements with the computed Be®H positions may be all just chance coin- 
cidences with lines of bands representing transitions between higher vibra- 
tional levels. Impurity lines such as Hz can be ruled out, because there are no 
indications of them on the portions of our plates beyond the extremes of this 
band system. Now in the discussion of the fine structure in these bands given 
below, it is shown that vibrational states as high as (9, 9) are probably pres- 
ent. Since the lines in question are of very low intensity they could belong 
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only to say the (8, 8) and (9, 9) bands. But the lines of the P-branches of 
these bands would have in the P-branch region examined a spacing more 
nearly like that of the (0, 0) band R branch—about 20 cm~ as compared to 
about 14 cm™ for the (0, 0) band P branch—because of the fact that the (0, 0) 
band order B’>B’" is just reversed. Just the opposite is true of the line spac- 
ings in the R branch. The sequence of weak Be®H lines then could not pos- 
sibly belong to any one branch of these weaker Be*H bands. And the proba- 
bilitv that if all of these weak lines belong to several different main band 















































TABLE I. Comparison of calculated and observed displacements for Be*H isotope effect in 
the (0,0) 44991 i Belt band (in cm watts). 
Berl obs. 1 yBe'H obs. “| Obs. shift | Cale. shift 
P(10) 19844.47 | 19842 .38 | 2.09 2.12 
P(11) 28.24 25.94 | —2.30 —2.32 
P(12) 12.51 | 09.88 | 2.63 —2.50 
P(16) 755.15 752.09 =3.06 —3.07 
P(17) 42.16 | 9.05 ae x7 —3.17 
P(18) | 29.72 | 26.47 3.25 —3.28 
P(19) | 17.97 14.52 —3.45 | —3.47 
R(8) 20223.81 20226. 29 +2.48 | 42.47 
RO), 45.75 48.39 42.64 +2.73 
RM) | 89.92 | 93.19 | +3.27 me +3.24 
R(12) | 311.91 315.29 43.38 43.50 
R(16) | 99 26 403.73 +4.47 +4.45 
R(i9) | 462.82 68 .00 +5.18 +5.09 
R(20) | 83.61 88.90 +5.29 | = +5.28 




















Note: For every line enene een n K"=6 anil 20 1 missing in these sequences measurement is 
impossible because of overlapping stronger lines of other branches, 


branches, the totality of agreements indicated in Table I could happen by 
chance is negligible. It should be emphasized again in this connection that 
the isotope line has been found for every P and R line of the (0, 0) band for K 
values from 6 to 20, the interval of maximum intensity, except where a 
stronger line of some other branch interfered with the measurement. 

It would of course be desirable to check these conclusions by the finding 
of the Be’, Be® isotope effect in some other Be band system. With this in 
mind we have obtained an intense exposure of the BeO bands at high disper- 
sion. The source was merely a 220-volt d.c. arc between Be metal electrodes 
in air. A Be*®O" (1, 0) head should lie 10.34A to the violet from the Be*O"* 
(1, 0) head at \4427.3, while a Be®O'8 (0, 1) head should be found 7.40A to the 
violet from the Be*O"* (0, 1) head at \5054.4. These main heads are strongly 
developed on our plate, but unfortunately the regions on their violet sides are 
overrun with weak lines representing high rotation levels of the BeO bands in 
the adjacent sequences due to this form of excitation. Nevertheless the exact 
points for these calculated weak isotope heads are sufficiently clear, and not a 
trace of either of them is apparent. In view of the fact that O'8 is definitely 
established with an abundance ratio of 1:1075 to O", our failure here merely 
means that such an arc is not the proper source for the detection of faint iso- 
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tope lines. It will apparently be necessary to develop some Be band system 
either in absorption or in the electric furnace in order to obtain further evi- 
dence of the Be® isotope. 


NEW FINE STRUCTURE MEASUREMENTS IN THE BEH BANDs 


It is the object of this section to present some new details of the BeH sys- 
tem together with their probable interpretation. The earlier work® led to the 
logical assumption that these bands are due to the transition *Il—>*L with the 
“II state approximately pure case }, because of the apparent lack of observable 
spin doubling of the lines near the band origins. All of the lines in the bands 
with the exception of the first R; line (Ri(3) ) are thus to be considered as the 
coalescence of the two members of a spin doublet having the same A‘ and K” 
values but differing by one unit in J’ and J” values. In this event the quan- 
tum number J has no significance, and the lines are to be designated by their 
K”” values. 

The higher resolution of our third order plates, however, reveals the ex- 
pected doubling of the lines near the origins. These have only been measured 
for the P and Q branches of the main (4, 3) band, all the first R-branch lines 
being so close to strong Q-branch lines as to make acurate measurement of 


TABLE II, eat near the origin in the 4991, (0,0) band of Bell. 


2 


> | 


| oR: (kK) R (K) | P»(K) P,(K) OxK) |  Q(K) 
0 20050.7 | 
1 72:00 | 20030.18 | 20031.97 
2 93.27 93.98 | 19989.55 | 19991.16 31.26 | 32.15 
3 115.04 70.47. | 71.40 32.89 33.41d 
4 135.97 51.30 | 51.89 33.41 d 33.76 
5 158.11 | 32.46 32.84 34.82 
6 179.94 | 13.96 | 14.25 36.36 
7 201.76 896 .08 38.19 














the doublet interval impossible. Table II gives these new data to K” =7 
which should replace the corresponding part of Table I of ref. 6. This earlier 
table is then quite correct from K” =7 to 45, and is to be supplemented by the 
additional lines for K” =45 to 51 of Table III below. The doubling of the 
lines P(2), P(3), and P(A) is clearly to be seen in Fig. 1c. 

To evaluate the coupling constant A, measuring the interaction energy 
between L* and S*, it is only necessary to substitute our observed doublet 
intervals in the equation!® 


Af(K) = [AA*/K(K + 1) + y|(K + 3) 


given by Mulliken for case } states.!' The mean value of A so obtained is 


10 R.S. Mulliken, Reviews of Modern Physics 2, 60 (1930), Eq. (36), p. 108). 

4 As Mulliken has recently pointed out, (Reviews of Modern Physics 2, 507 (1930)) this 
equation is only adequate for a very limited range of A/B, values close to A =0. These BeH 
bands happen to be the one good example of this situation. 
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1.97 cm". Application of the Hill and Van Vleck formula yields practically 
the same result.” 

Our observation of the relative intensities of the components in the P- 
branch doublets gives good confirmation of the assignment F,> F, for the 
order of the rotational energy levels in this *II state with an A/B, lying be- 
tween 0 and +4." The high frequency component is always the stronger, as 
in the case of the CH*2—*II bands for the “II state of which A/B, = +2, where- 
as for the similar MgH, CaH, etc. bands the high-frequency component is the 
weaker, in fact much weaker for the lowest rotational levels than is predicted 
by the theory. For these BeH bands, however, the relative intensities are in 
very good agreement with the ratios computed with the aid of the intensity 
equations for case b doublet states developed by Mulliken™ from the Hénl 
and London and Sommerfeld and Hénl equations. These intensity ratios for 
the first three P-branch lines are: 


Line P,:P, (calc.) (obs. ) 
P(2) 1:0.56 1:0.51 
P(3) 1:0.70 1:0.83 
P(4) 1:0.77 1:0.74 


The observed intensity ratios were obtained from a comparison of the areas 
under a microphotometer trace obtained with the Koch-Goos instrument. 
The larger discrepancy for the P(3) ratios is due to a photographic disturb- 
ance produced by an adjacent Fe line of the comparison spectrum. 

The comparison of the observed doublet intervals in the first P- and Q- 
branch lines, together with combination differences, fix definitely the K- 
values of the lines of the Q-branch, and show that the relative numbering of 
the lines of the three branches in Table I of the previous work is correct. To 
evaluate the A-type doubling in the *IT state we form the differences 


4{[R(K) — Q(K)] — [Q(K +1) — P(K+1)]} SF (K +3) -— F.(K +3). 


This doubling starts at K =1 with a very small negative value, goes through 
zero at K =4, and increases slowly with K to a value of approximately 10 cm=! 
at K=42. After this it begins to decrease with further increase in the rota- 
tional quantum number. For K’>5, where the spin doubling becomes neg- 
ligible, and for K’220 the A-type doubling is proportional to K’(K’+1), as 
predicted by Van Vleck” for case }*II states. The average value of the factor 
of proportionality is about 0.014. Now Van Vleck shows that with the as- 
sumption that the LZ vector precesses uniformly about the electric axis in the 
molecule, and for the case L =1, this proportionality factor would be of the 
order of magnitude 4B?/y. For BeH this quantity is 4(10.16)?/2 x 10* £0.02. If 
this same doubling law held for the highest rotational levels, the A-type dou- 
2 This value for A should replace the tentative value assigned in Fig. 15 of reference 11. 
Also the value of B =7.82 there given should be 10.16, the value of By’’ given in reference 7 
8 Cf, R.S. Mulliken, Phys. Rev. 32, 388 (1928). 
" R.S. Mulliken, Phys. Rev. 30, 785 (1927). 
% 7. H. Van Vleck, Phys. Rev. 33, 467 (1929). 
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bling would be about 23 em™! at A =40, whereas actually it remains almost 
constant at 10cm! from A = 35 to 42 and then begins to decrease. This de- 
parture from the normal doubling law begins at about K =20 where the re- 
versal in the direction of shading of the branches also becomes apparent." 
Both of these phenomena indicate a marked distortion of the molecule with 
increase in rotational energy and are evidence for an uncoupling of LZ from 
the internuclear axis. 

On the long wave-length side of the origin of the (0, 0) band (main Q- 
branch head) in Fig. 1 two weaker Q-branch heads are to be seen. This may 
at first seem puzziing, because with the (0, 0) band Q-branch degrading ini- 
tially toward the violet, successive Q-branches of this Av =0 sequence should 
normally be found on the violet side of the (0, 0) origin. The explanation of 
this unusual feature lies in the fact that in this band system the vibrational fre- 
quencies w,’ and w,’’ are almost equal (about 2053 cm and 2025 cm respec- 
tively). Hence the slight differences in the course of the vibrational energy as 
a function of v in the two states are sufficient to actually produce a change in 
the sign of the vibrational energy contribution to the radiated energy for 
v’=v''>8. That is, the successive Q-branch heads rapidly converge to zero 
separation at the (4, 4) head at about 20064 cm as shown in Fig. 1, and then 
return to lower frequencies. This would make the two weaker Q-branch heads 
on the red side of the main Q head probably the (8, 8) and (9, 9) Q-branches. 
The order B,’>B,"’ also reverses at about the (4, 4) band, since these quanti- 
ties are given approximately by"’ 


B,’ = 10.45 — 0.3250’; B,”” = 10.25 — 0.2750". 


Therefore the spacing of the lines in the weak R branches of the bands from 
(4, 4) to (9, 9) should become closer, comparable to that of the P branches 
in the strong (0, 0) band, thus accounting for the lack of corresponding R- 
branch heads. Similarly, the weak P-branch for these higher vibrational 
bands should have a larger spacing more like the (0, 0) R-branch. All of these 
P and R branches have not been examined in detail, but sufficient measure- 
ments have been made to indicate definitely that this is the correct explanation 
of the rather complex fine structure in this unusual band system.'® 


TABLE III. Additional frequencies for the 4991, (0,0) BelI band. 














kK | R(K) | PK) | Q(K) 

45 20824 . 26 19581.18 20192.79 d 
46 | 25.32 d 79.08 | 92.93 d 
47 25.32 d 76.51 92.45 
48 | (24.75) 74.00 d 90.71 
49 23 .40 70.24 | 87.83 d 
50 21.20 67 .36 

51 | 17.14 | 





16 Cf. reference 6 and W. W. Watson, Phys. Rev. 34, 1013 (1929) for diagrams. 

17 E, Bengtsson, Nature 123, 529 (1929). 

18 F, A. Jenkins, Phys. Rev. 31, 539 (1928) has shown that the tail bands in the violet CN 
system are produced by this same phenomenon; i.e. of the bands in a sequence forming a head 
and returning into the region beyond the first band head in the sequence. 
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Finally, it is to be noted in Fig. 1 that the R-branch of the (0, 0) band, the 
lines of which at the origin start out with increasing spacings, actually forms 
a head, and several lines of the returning portion are observed on our strong- 
est plate. Corresponding lines in the Q and P branches have also been meas- 
ured. Table III giving these data supplements Table I of reference 6. 

One would expect to find distortions such as those observed in these BeH 
bands due to large accretions of rotational energy of rather common occur- 
rence in molecular spectra. Actually, however, similar phenomena have been 
reported only for some He, and H; levels'® and for the red CaH bands?’:*!, 
Possibly the investigation of the rotational structure of molecular spectra ly- 
ing in the Schumann region and representing predicted higher electronic 
levels reveal other examples of irregularities of the same nature. 


19 Cf, particularly W. Weizel, Zeits. f. Physik 56, 727 (1929). 
20 E, Hulthén, Phys. Rev. 29, 97 (1927). 
1 W. W. Watson and W. Bender, Phys. Rev. 35, 1513 (1930). 
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AN APPLICATION OF THE RESONANCE RADIOMETER TO 
THE REFLECTION SPECTRUM OF QUARTZ 


By J. D. Harpy Aanp S. SILVERMAN 
Jouns Hopkins UNIVERSITY 
(Received December 1, 1930) 
ABSTRACT 
The reflection spectrum of quartz has been previously studied by means of both 
the rock-salt prism spectrometer and the echelette grating spectrometer. Early 
investigators have shown that for crystalline quartz, with the retlecting surface per- 
pendicular to the optic axis, there is a double reflection maximum, one lying at 8.44 
and the other at 8.94; and that fused quartz exhibits a single maximum at 8.84. These 
regions have been studied under high dispersion by the authors using an echelette 
grating spectrometer. The high resolving power that was obtained was due to the sen- 
sitivity of the radiometric device, the resonance radiometer, which was first described 
by A. H. Pfund.! The complete theory of the instrument was developed by one of us. 
By the use of this large resolving power and dispersion it has been possible to show 
that these spectra are considerably morecomplex than were found previously. The use- 
fulness of magnesium oxide as a filter for excluding the higher orders of lower wave- 
lengths has been tested with gratifying results. 


INTRODUCTION 


REVIOUS investigators have studied the reflection spectra of quartz 

with particular attention to crystals cut perpendicular to their optic axes. 
Among the various investigators Rubens and Nichols,*’Coblentz,‘ and Gorton® 
employed a prism spectrometer; Wood and Trowbridge® used an echelette 
grating. The results show some agreement as to the wave-lengths of the re- 
flection maxima, which are located at 8.4u and 8.9u respectively, but there is 
an apparent marked difference in the depth of the minimum which separates 
the maxima. Closer examination of these dissimilar curves shows that they 
actually represent very approximately the same structure. The work done 
with the prism spectrometers shows the ratio of the reflecting power of the 
quartz surfaces to that of a silver surface, while the work done with the grat- 
ing shows only the energy curve of the source after three reflections from 
quartz. This makes it difficult to compare directly the results of the grating 
with those of the prism. Also, it should be pointed out that as very few work- 
ers have restricted themselves to similar crystal forms or similar geometrical 
systems, it is necessary to be cautious in attempting any comparison of the 
various results. The conditions for observation in the present case are as 


! A. H. Pfund, Science 69, 11 (1929). 

2 J. D. Hardy, Rev. Sci. Inst. 1, 429 (1930). 

3’ Rubens and Nichols, Phys. Rev. [1] 4, 314-324 (1897). 
4 Coblentz, Carnegie Publications, 1906. 

5 Gorton, Phys. Rev. 7, 66 (1916). 

® Wood and Trowbridge, Phil. Mag. 20, 898 (1910). 
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follows; the angle of incidence was measured to be very close to 30°; the crys- 
tal surface was polished smooth and cut perpendicularly to the optic axis; the 
results are the ratios between the reflecting power of quartz surfaces and that 
of clean silver. It is thought that if these conditions are approximated it 
should be possible to use the positions of the reflecton maxima and minimum 
for calibrating prism spectrometers in the 8y region. 

In the early part of this year, Professor A. H. Pfund made some observa- 
tions on the reflection from crystalline quartz (not published) and found re- 
sults differing markedly from those of Coblenz and others. He found, using a 
very narrow slit, a much lower minimum at 8.6 and some indication of un- 
resolved fine structure. It was decided, therefore, to examine this spectrum 
with an apparatus whose sensitivity and resolving power would far surpass 
anything yet applied to this region. The diagram of the spectrometer is 
shown in Fig. 1. 





Fig. 1. Spectrometer arrangement for observing the reflection spectra. 


APPARATUS 


The source of light, VN, was a Nernst glower, run at 0.8 amp. from a stor- 
age battery. This light is interrupted periodically by the pendulum of the 
resonance radiometer; the period of which is adjusted to be equal to twice the 
optimum period of response of the first thermocouple. The light is then ad- 
mitted to the spectrometer periodically with the time of admission exactly 
equal to the time of darkness, and the slit is alternately illuminated and dark- 
ened. Light from the Nernst glower is reflected from a concave mirror on to 
the first quartz plate R, which is covered with a layer of MgO. This plate acts 
as a filter and purifier. The beam is then reflected from a second plate of 
quartz R; to the first slit. This second plate is set in place with a strong spring 
so that it may be replaced exactly by a silvered surface. The beam then passes 
through the spectrometer and is focused upon the receiver of the first thermo- 
couple. The grating used was a 5 inch, 1312.5 lines perinch echelette pre- 
pared at this University by Professor Wood, and ruled to throw its blaze, or 
maximum concentration, at 8.5u. The thermocouple was a Bi-Sb-- Bi-Sn 
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splashed filament type, with a silver receiver which was covered with bis- 
muth black. It was mounted behind a rock-salt window and evacuated to a 
non-conducting vacuum. The grating had a dispersion ratio of 570; i.e. at a 
scale distance of 3.2 meters, 1 mm represented 50A. The calibration was done 
by means of the higher orders of the 5461 line of the mercury arc, and was 
accurate to 15A. The slits of the apparatus were 0.07 mm wide, vielding an 
effective “slit-width” of 15A. This width of slit is the most advantageous in 
this region both for resolution and intensity giving a resolving power of 80 
percent of the theoretical value, or about 4000. 

Inasmuch as the resonance radiometer has been recently described in de- 
tail, it will be necessary here to outline only its salient points.? The first ther- 
mocouple is connected to tuned vibration galvanometer 1, which is so con- 
structed that it is highly underdamped with a half-period equal to the time 
of response of the thermocouple. Galvanometer 2 is identical with 1 except 
for a device permitting accurate tuning with 1. The two galvanometers and 
the pendulum are kept in as exact tune as possible. The amplifier light source 
is a tungsten filament bulb burned at about 3.6 amp. from a storage battery. 
It lies behind the first grid R;, and is focused on the concave mirror of galvan- 
ometer 1. This mirror then throws an image of R, coincident upon a second 
grid Rs, which is identical with R,, except that it has a double spacing at the 
center. Then the beam of light which is transmitted by R, is broken into two 
halves, which are exactly out of phase as regards luminosity. As the mirror of 
galvanometer 1 rotates, the image of R, slides across R2, darkening one half 
whilst illuminating the other half. These two beams are then focused by 
means of a split lens upon a compensating thermocouple 72, which is in turn 
connected to the second galvanometer. There will then be two amplifying 
factors: First, the resonance amplification arising from the periodically 
interrupted beam falling upon S;. Secondly, the motion of G, causes the image 
of R, to oscillate across Re, so that the intensity of the light falling upon the 
junctions of T2 varies periodically and sets G2 in turn into a resonance vibra- 
tion. This second factor may be varied by changing the intensity of Ss. 
Throughout this experiment the total amplification was kept at about 4000, 
and deflections which could not be detected on an ordinary high-sensitivity 
galvanometer ranged as high as 30 centimeters on this instrument. 


METHOD OF PROCEDURE 


The actual readings were taken as follows: The spectrometer was set for a 
given wave-length, and the first quartz “purifying” plate was held over a 
brightly burning ribbon of magnesium. It was coated with a fine, white 
powder of magnesium oxide. The thickness of the coat was judged sufficient 
when the whole plate appeared uniform when held against a brilliant back 
ground. The plate was then placed carefully in its holder, and thereafter left 
undisturbed. The second quartz plate was put in, and the shutter was re- 
moved, allowing the second galvanometer to build up to a maximum. Three 
or four deflections on each side were noted, with an average deviation, at a 
scale distance of 1 meter, of about 1 percent. The second quartz plate was 
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removed, and replaced by a silver surface; the readings were then repeated. 
The direct ratio of the readings yields the relative reflecting power of quartz 
and silver. To get the absolute reflecting power, one must correct for the small 
deviation of the reflection coefficient of silver from that of a perfect reflector. 
However, this correction is smaller than the experimental error. Inasmuch as 
direct ratios are taken, it is unnecessary to take any account of water vapor or 
any other absorbant present in the air path. The magnesium oxide’ was used 
with the hope of cutting out the higher orders of lower wave-lengths; an ideal 
filter would be one which was opaque to 4u, and perfectly transparent from 
7.5 to 9.5u. As a test for the usefulness of MgO, the first slit was covered by 
a piece of thin cover-glass, which transmitted fairly well up to 4u, and which 
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lig. 2. Reflection spectrum of crystalline quartz. Circles, 


Hardy and Silverman; crosses, Coblentz. 


was opaque to 8u. With the grating set for 84, and with two silvered plates in 
place, one covered with the oxide, no resonance deflection was detected. In 
passing, it might be noted that even with such a high amplifying factor, the 
zero unsteadiness was never greater than 2.0 cm in the daytime, and usually 
around 5 mm at night. Moreover, with an unsteadiness of 2 cm, it was pos- 
sible to measure deflections of less than four centimeters to an accuracy of a 
millimeter. In general the deflections were of the order of ten or more centi- 
meters so that the resultant ratios shown on the curves are judged to be ac- 
curate to about one percent. The curves shown are the results of several sets 
of observations which were found to agree among themselves exceedingly 
well. 


7 A. H. Pfund, Phys. Rev. 36, 71 (1930). 
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The position of the grating was checked several times and the wave- 
lengths plotted are accurate to 0.0015. 


RESULTS 


The spectrum of crystal quartz shows a rapidly increasing reflectivity at 
8.14. Between 8.3 and 8.4 there is considerable fine structure, and a sharp 
maximum at 8.5064. The minimum immediately following is triple, showing 
dips at 8.612, 8.628 and 8.662u respectively ;and peaks at 8.6174 and 8.646u. 
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Fig. 3. The retlection spectrum of fused quartz. Circles, 
Hardy and Silverman, squares, Coblentz. 


There is a rise to a maximum at 8.931, a small decline to 9.024 and a shorter 
rise to 9.125. Following this last maximum the intensity falls off steadily. 
Dr. A. H. Pfund had previously found indications of the structure at 8.4u, 
although he was not able to resolve it, and also of the dip at 8.9u. 

The spectrum of fused quartz is less regular, and nowhere shows any of the 
regular smoothness attributed to it in the literature.*’ It rises from 16 percent 


§ Schaefer and Matossi, “Das Ulrtarote Spektrum,” p. 317. 
» J. Lecompte, “La Spectre Infrarouge,” p. 145. 
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at 7.870u in a series of staggers to a set of sharp maxima and minima. Maxima 
appear at 8.832, 8.865, 8.893, 8.913 and 8.9424. The minimum at 8.904 is 
particularly sharp. The intensity on the long wave side again falls off in a 
step-wise fashion. 

The resonance radiometer has shown itself to be quite practical in its 
application to work in infrared spectroscopy. Although it has the disadvan- 
tage that in its present form it is not practical to use it as a direct recording 
instrument, its freedom from unsteadiness and stray disturbances and its 
reliability in the matter of reproducing readings more than offset its faults. 

In conclusion, the authors wish to express their appreciation to Professor 
A. H. Pfund of this University, whose aid and many suggestions have been 
inwaluable. 
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RECOMBINATION IN- MERCURY VAPOR 
By Harotp W. WessB* anp Davip SINCLAIR 
Puysics LABORATORIES, COLUMBIA UNIVERSITY, NEW YorK City 


(Received December 6, 1930) 


ABSTRACT 


The afterglow in ionized mercury vapor was studied as a recombination phenome- 
non, to determine how its intensity varied with concentration of electrons and of posi- 
tive ions, vapor pressure and the mean energy of the electrons, the last expressed as a 
temperature, 7. The afterglow was observed in a region outside of the arc to which 
positive ions and electrons were carried by a stream of vapor, auxiliary electrodes 
being used to control the electron temperatures. The total number of electrons, .V, 
was assumed closely equal to the number of positive ions. The intensity of the visible 
part of the afterglow radiation was shown to be closely proportional to the total in- 
tensity under the experimental conditions, and was therefore used as a measure of the 
rate of recombination. This intensity, 7, was found to be proportional to the first 
power instead of to the square of the electron concentration, with possible exceptions 
at low concentrations and low electron temperatures. J varied with vapor pressure, 
increasing roughly as the fourth power of the pressure. With increase in electron tem- 
perature from 1300° to 5600°K, J decreased by a factor of 2500, From this rapid 
change in J it is concluded that the afterglow cannot be due to a simple recombina- 
tion process, since work of other authors with caesium and helium has shown that J 
should then vary not more rapidly than the reciprocal of the temperature. The results 
were found to fit either of the following empirical equations: J=const N? No or 
IT=const N*/.Ny, where Vo is the number of fast electrons having energies greater than 
a determined value and .V, the number having a definite energy. The values of the 
critical energies corresponding to these two equations were found to be 1.15 volts and 
1.35 volts, respectively. 

The results suggest that the recombination in mercury vapor takes place in two 
stages, of which the second is responsible for the radiation of the series lines, and that 
the effect of the fast electrons is to reionize from the first stage. 

Considerable dithculty was experienced during measurements as the result of 
changes in the contact potential of the exploring electrodes used for measuring electron 
temperatures and concentrations. These changes were apparently due to traces of 
oxygen, 


HE recombination of ions and free electrons has been studied in various 

ways but the nature of the process is still very obscure. The results of 
these studies have been well summarized in several recent publications,' and 
only a few outstanding points need be reviewed here. Especially have the 
simple recombination of an ion and an electron accompanied by emission of 
radiation and the converse process of photoionization been investigated in de- 
tail. The most extensive quantitative experiments in this field have been 


* The appointment of the senior author as Ernest Kempton Adams Fellow enabled him to 
secure the collaboration of Mr. Sinclair. 

1 Seeliger Phys. Zeits. 30, 329 (1929); Mohler, Phys. Rev. Supp. 1, 216 (1929); Compton 
and Langmuir, Rev. of Mod. Phys. 2, 191 (1930). 
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made by Mohler,’ who found in caesium vapor and in helium continuous spec- 
tra extending from near the series limits to higher frequencies. These spectra 
are interpreted as due to the recombination of ions with electrons, in which 
process an electron falls into the lowest energy level of one of the series, the 
difference in frequency between that of the radiation observed, v, and that 
corresponding to the series limit, v;, being due to the kinetic energy of the 
electron before impact, mv?/2. The relation between these frequencies is given 
by hv =hv;+4mv*. In these experiments the mean energy of the electrons was 
about 0.3 volt. Mohler found that the intensity of the radiation varied as 
a function of the electron velocity, v, and determined the value of the coeffi- 
cient of recombination; a=const. v/(v—v,)v?, or a is proportional to 1/vr’. 
Theoretical studies’ of the process give a proportional to 1/v, 1/vv, or similar 
expressions in fair agreement with experiment. It is of particular interest to 
note that, in these experiments, the rate of recombination of electrons and 
positive ions was found to vary very slowly with the kinetic energy of the 
electrons, that is inversely as the first power of the velocity, in marked con- 
trast with results to be described later. 

Hayner* has shown that the afterglow in mercury vapor is due to some 
process of the nature of recombination. In her experiments the voltage on a 
low-voltage arc in mercury vapor was abruptly cut off and the behavior of 
the radiation which persisted, called the “afterglow,” studied in the post-are 
period immediately thereafter. The cutting off of the arc voltage extinguished 
the spectral series lines practically instantaneously, but after a brief transi- 
tion period of about 10~ sec. the series lines reappeared gradually increasing 
in intensity, reaching a maximum in about 2 X 10~‘ sec. and then gradually de- 
creasing. The behavior of the ionized gas in the experimental tube in the 
post-are period gave every evidence that the afterglow was the result of a re- 
combination process involving electrons and positive ions. The dark transi- 
tion period following the cut-off of the arc voltage was explained as due to the 
fact that the velocities of the electrons were too great to permit recombina- 
tion. The subsequent gradual growth of the intensities of the series lines cor- 
responded to the gradual decrease in these velocities due to impacts with 
neutral atoms, while the decrease following the maximum was the result of 
the disappearance of ions and electrons due to their recombination and to 
diffusion to the walls of the tube. The nature of the spectrum of the afterglow 
furnishes additional evidence that it is produced by a recombination process. 
In it the ratio of the intensities of the higher members of the spectral series 
to the intensities of the lower members is very much greater than in spectra 
resulting from direct impact excitation as are observed in the are. 

Kenty® in a similar experiment in argon found like results. The mean 
energy of the electrons at the time when the afterglow was most intense in the 


2? Mohler, Phys. Rev. 31, 187 (1928); Mohler and Boeckner, B.S. J. of Res. 2, 489, 3, 303 
(1929), 

3 Seeliger, reference 1, p. 356. 

* Hayner, Zeits. f. Physik 35, 365 (1926). 

§ Kenty, Phys. Rev. 32, 624 (1928). 
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post-are period was determined by the Langmuir probe method as 0.4 volt, 
confirming the explanation that the recombination in the are period and in 
the dark transition period was prevented by the high speed of the electrons 
and that radiation from recombination only became observable after the elec- 
trons had lost most of their energy. 

Measurements on gases highly ionized, subject to no impressed field, have 
in general shown that the distribution of velocities among the electrons is 
Maxwellian and that a definite “temperature” may be assigned to the dis- 
tribution. The Langmuir probe method gives a means of determining this 
temperature and gives also data for computing the concentrations of ions and 
electrons. The fact that the electrons have such a distribution, or one nearly 
approaching it, makes it very difficult to reconcile Hayner’s results with the 
theory that the observed afterglow was due to simple recombination of posi- 
tive ions and electrons, in which the probability of electrons of given velocity 
recombining with positive ions depends only upon the concentration and ve- 
locity of those electrons and the concentration of the ions. For, as we have 
seen, the most effective electrons in recombination are the slow ones. Now 
the number of these in a Maxwellian distribution varies with the temperature 
approximately as 1/7*, the total number being kept constant. Now on 
liberal estimates the total change in the electron temperature from the transi- 
tion period, when the intensity of the afterglow was too small to observe to 
the moment of maximum intensity, was in Hayner's experiment not greater 
than a ten-fold decrease; on the other hand the change in intensity during 
this time appears to have been of a different order of magnitude, estimated as 
at least a thousand-fold increase. The intensity could not therefore have 
varied as the number of electrons moving slowly enough to have high proba- 
bility of recombination, unless the velocity distribution was not Maxwellian 
but one in which the slower electrons were relatively very much scarcer at the 
higher temperatures. There is every evidence that this was not the case. Con- 
siderations of this difficulty in interpreting these results lead to the experi- 
ments described in this paper, in which the intensity of the afterglow was 
studied as a function of electron temperature, concentrations of positive ions 
and electrons and vapor pressure. 


APPARATUS AND METHOD 


To avoid the difficulties of making precise determinations of electron tem- 
peratures and concentrations under the rapidly changing conditions in the 
“post-arc” period following the cut-off of an arc, the investigations of the 
afterglow were made in a region outside the arc to which the positive ions and 
electrons were carried by a stream of vapor. The apparatus used was similar 
to that described in an earlier paper.’ The essential parts of the experimental 
tube, drawn to scale, are shown in Fig. 1. The mercury in the pool below the 
cathode K, was heated by a furnace, /7, and the vapor streamed rapidly past 


6 Rayleigh, Proc. Roy. Soc. A108, 262 (1925). 
7 Webb and Wang, Phys. Rev. 33, 329 (1929). 
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the cathode and the anode, A, into the branch tube through the gauze, G, 
past the observation point, P, and was condensed in the region marked C. 
The cathode was an internally heated nickel cylinder with oxide coating.* 
The gauze, G, was of nickel wire, 0.03 cm in diameter and 0.6 cm spacing. At 
P, in the center of the tube, was placed a vertical probe, consisting usually of 
a platinum wire 0.0025 cm diameter exposed for about 0.5 cm. Opposite 
the probe was a quartz window 1.2 cm in diameter attached by a graded seal. 
A side tube 0.7 cm in diameter and 7 cm long closed at the end extended out 
at right angles near P, and was used in estimating the vapor pressure in the 
tube at this point. The condenser, C, was cooled by a coil of lead tubing car- 
rving circulating water. This coil could be adjusted as to length and position 








Fig. 1. Diagram of experimental tube. 


or replaced by air cooling to control the flow of mercury vapor in the tube. 
Premature condensation in the tube between the furnace and the condenser 
was prevented by secondary heaters. 

The pumping tube, 7, passed first to a McLeod gauge, then to a magnet- 
ically operated cut-off and finally to a mercury diffusion pump. During ob- 
servations this pump was in constant operation. 

The arc current was varied up to 10 amperes, with an average potential 
drop of about 8 volts. From below the anode was emitted the usual low-volt- 
age arc radiation with the higher members of the series relatively weak in in- 
tensity, while beginning a little above the anode and extending throughout 
the branch tube and the condenser was the afterglow in which the higher 
members of the series were relatively much stronger. The intensity of the 


* For this cathode we are indebted to Mr. L. J. Buttolph of the General Electric Vapor 
Lamp Co. 
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afterglow at the point P was measured by a specially constructed visual 
photometer sighted through the quartz window. The radiation thus meas- 
ured was practically all contributed by the sharp triplet \A\5461. 4358, 4047, 
and the intensities of these lines were taken as a measure of the total radia- 
tion of the afterglow. To justify this assumption spectrograms of the glow 
at different electron temperatures were made and compared and it was found 
that at least up to the 11 D and 7 S members the ratios of the intensities of 
the above triplet to those of the higher members varied only slightly, not suf- 
ficiently to introduce serious error. Rayleigh® reports considerable variation 
in these ratios with age of the afterglow, but presumably the conditions in the 
present investigation were not so widely varied as in his. Furthermore, as will 
be seen later, small errors resulting from this method of measuring the inten- 
sity of the afterglow would not have affected appreciably the nature of the re- 
sults. 

Simultaneously with the intensity measurements observations were taken 
with the probe to determine the corresponding concentration of the electrons 
and their temperature. It was assumed that the number of positive ions was 
practically equal to that of the electrons, which for concentrations of the 
order observed is probably closely true. The usual logarithm of current to 
probe vs. probe-voltage plot gave, after deducting the current due to the posi- 
tive ions, a straight line for voltages below the space potential, the slope of 
which determined the electron temperature. The concentration of electrons 
was computed from the space potential, as determined by the break in the 
curve, and the probe dimensions in the usual way. It should be noted that 
under the conditions of this experiment the distribution of electron velocities 
could be followed only up to about 0.7 volt (in a few cases to 1.0 volt) owing 
to the masking by the positive ions of the electron currents to the probe at 
greater negative potentials. Therefore the presence of the fast electrons is 
indicated only by the fact that the Maxwellian distribution holds very closely 
for the slow electrons and we assume it to hold for higher speeds. 

Considerable difficulty was experienced with the probe owing to changes 
in its contact difference of potential in the course of a measurement. This was 
evidenced by a gradual shift in the voltage corresponding to a given current 
to the probe. The curve taken with increasing voltage did not coincide with 
that for decreasing voltage. The direction and amount of the drift were not 
always the same but depended upon the material used for the probe, its size 
and the presence of small amounts of impurities in the tube. In general one 
to two minutes were required for any phase of the change. When, however, 
the currents to the probe were large the resultant heating caused more rapid 
changes. A complete discussion of the many tests made cannot be given here, 
but it may be noted that similar effects were found with platinum, tungsten, 
iron and carbon probes; a tungsten probe continuously heated to a tempera- 
ture of about 1700° C was equally unsteady; a trace of sodium accidentally 
introduced into the tube resulted in a characteristic fluctuation. 

It is probable that this drift was due to traces of oxygen in the tube. To 
test this an artificial leak was introduced near the cathode, as the result of 
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which the changes in the contact potential of the probe became very rapid, 
confirming this conclusion. It was further found that, although all metal 
parts were pre-outgassed and the tube baked at 500° C for many hours be- 
fore introducing the mercury, considerable gas was evolved when the arc was 
running even after many hours of operation. Tests, made by closing the cut- 
off and measuring the rate of accumulation of gas in the gauge, indicated that 
there was a gas pressure in the stream of mercury vapor of about 10-7 mm at 
the times when marked drifting occurred. This drifting was never wholly 
eliminated, but, by continued baking and pumping, conditions were attained 
under which the drifting was sufficiently small to permit satisfactory measure- 
ments. 

It is probable that many of the troubles experienced by other observers 
were due to this cause. The difficulty which Mohler and Boeckner® found 
with a probe in caesium vapor is not surprising, especially the increased un- 
steadiness when approaching large values of the probe current. It was found 
also in our work, as in theirs, that a large probe gave less trouble, since it 
suffered less rise of temperature. Other authors have obtained curves deviat- 
ing from the expected straight line, or curves which are interpreted as made 
up of several straight lines indicating several groups of electrons each having 
a different temperature. Some of these complexities may have been due to 
effects similar to those described here. 

The vapor pressure in the tube at the point of observation depended upon 
the temperature of the lower furnace and upon the use and position of the 
cooling coils on the condenser. The magnitude of this pressure was deter- 
mined approximately by measuring the temperature at which liquid mercury 
was in equilibrium with the vapor at the end of the small side tube opposite 
the point of observation. 

The electron temperature at the point of observation, though it depended 
to some extent upon the vapor pressure and the velocity of the vapor stream- 
ing from the region of the arc, was usually controlled by the gauze G. A posi- 
tive potential on G, with respect to the anode, accelerated the electrons in the 
vapor stream and increased the temperature of those passing through the 
gauze and down the tube. Temperatures ranging from 1000° to 6000° could 
be obtained. The application of the positive potential to the gauze also de- 
creased the concentration of the ions and electrons, in some cases as much as 
70 percent. The concentration could, however, be brought back to its original 
value by increasing the are current. 


RESULTS 


In determining the relation between the intensity of the afterglow, J, and 
the electron temperature, 7, the vapor pressure was held constant for each 
series of measurements. It was assumed that the only other variable was the 
concentration of the electrons, which was equal to that of the ions, and this 
was kept as nearly constant as possible by adjusting the are current. As this 


® Mohler and Boeckner, B. S. J. of Res. 2, 489 (1929). 
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concentration could be held only approximately constant the relation be- 
tween intensity and concentration, NV, was determined by a series of measure- 
ments in which the vapor pressure and electron temperature were kept con- 
stant. The results of these determinations are shown in Figure 2, in which 
the intensity of the afterglow is plotted as a function of the electron concen- 
tration. Three typical curves are shown, the differences in the slopes having 
no significance. These curves show that the intensity is closely proportional 
to the first power of the electron concentration, and not to the square of this 
concentration as might be expected if ordinary recombination processes were 
in question. Therefore, before studying the relation between intensity and 
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Fig. 2. Intensity of afterglow vs. electron concentration; electron temperature 
and vapor pressure constant. Scales are arbitrary. 


electron temperature the intensities observed were divided by the first power 
of the corresponding number of electrons. Furthermore throughout any 
set of measurements of the relation of J to 7 the variation in N was not large 
and since the variation of the intensity with electron temperature was very 
rapid, errors arising from small departures from the first power relation were 
well within the limits of measurement. 

It is interesting to note that Mohler and Boeckner$ found a similar result 
with caesium. Contrary to expectation the intensity varied more nearly as 
the first power than as the square of the concentration of electrons, which was 
again equal to the number of positive ions. They noted, however, that at low 
currents the square law held. In the present experiment, also, there was in- 
dication that, for small concentrations especially at low electron tempera- 
tures, the square law more nearly described the results than the first power 
law. These results were however, not very dependable. 
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The relation between the intensity of the afterglow and the vapor pres- 
sure, the temperature of the electrons and the number of ions and electrons 
being held constant, was not precisely determined, owing to experimental dif- 
ficulties. The results showed, however, a large increase in intensity with in- 
crease of vapor pressure. To a rough approximation the intensity varied as 
the fourth power of the vapor pressure within the limited pressure range ob- 
served, 0.06 to 0.10 mm. It is interesting to note that Mohler and Boeckner 
found in the recombination spectrum of caesium that the intensity increased 
surprisingly rapidly with vapor pressure, the rate of increase being compara- 
ble with that found in the present work. 
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Fig. 3. Intensity of afterglow as a function of electron temperature; vapor pressure and 
electron concentration constant. Curve a: log J vs. T (lower temperature scale). Curve b: 
log I vs. T (upper temperature scale). Curvec: log 7/T? vs.1/T. Curved: log 1/T** vs. 1/T. 


The experimental results giving the relation between the intensity of 
the afterglow, 7, and the electron temperature are shown in Figure 3. Curve 
(a) shows the results for a vapor pressure of 0.06 mm. The ordinates are the 
intensities, corrected for variations in N, plotted for convenience as logy J. 
The abscissas are electron temperatures in °K. In these measurements N was 
of the order of 10" per cc. 

Curve (b) Figure 3, shows the results for another set of measurements at 
approximately the same vapor pressure. Owing to the fact that in this case 
no determinations of N were made, this curve has not been corrected to N = 
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constant. The variation of NV over this curve may have been as great as three- 
fold. The intensity scale is furthermore not the same as in Curve (a), owing 
to the use of a different photometric standard. This curve shows, however, 
that at higher temperatures the variation of J with 7 follows roughly the 
same law as in the lower temperature range. The striking feature of these 
curves is the very large decrease in J with small relative increase in tempera- 
ture. Curve (a) shows a decrease in J of about 400 times as T increases from 
1300° to 3600°K. Including the data of Curve (b) we see a decrease in J of 
about 2500 times as 7 changes from 1300° to 5600°. 


DISCUSSION 


As pointed out earlier the rapid change of intensity, 7, with electron tem- 
perature, 7, observed in the afterglow cannot be explained by any simple 
process of recombination in which the decrease in the rate of recombination 
depends simply upon the increase in the average velocity of all the electrons. 
For, if the recombination is similar to that observed in caesium, with the coef- 
ficient of recombination approximately proportional to 1/v (v=electron ve- 
locity) and the electrons have a Maxwellian velocity distribution as seems 
to be the case, to a first approximation J should be proportional to the inte- 
gral taken over all velocities of the number having a velocity v divided by 7. 
This is equal to const N?/T! where N is the total number of electrons, con- 
sidered here as held constant. The total change in 1/7? over the entire range 
of electron temperatures measured was not greater than 3, while J changed by 
a factor of nearly 2500, a different order of magnitude. Now, on the other 
hand, if we consider No, the number of electrons having energies greater than 
some given value, Eo, we see that this can be made to vary with the electron 
temperature as rapidly as we please, by proper choice of Ey. We have 


No = N[erf (Eo/kT)"!? + (2/m"!?)(Eo/kT)'!%e-#0!*7 | 


in which expression, if Eo is not too small, the second term containing the 
exponential factor is the controlling one. (In the present work neglecting the 
first term introduces only an inappreciable error.) Now the simplest empirical 
relation between J and T which fits the results was found to be J=C,T"e™’, 
equation (1), where C; and C, are constants and » is small. Because of the 
large value of the exponent the exponential term was found to be the impor- 
tant factor in determining the form of the curve and the precision of the 
measurements was not sufficient to enable one to differentiate between small 
values of nm. The agreement between experiment and equation (1) can be 
seen from Curve (c), Figure 3, in which the data of Curve (a) have been re- 
plotted, with ordinates logy(Z/T") and abscissas 1/7. The points fall well 
within the experimental error on the straight line, logy(Z/T*) =const/T 
+logioC;. In this plot ” was taken as 3 for reasons to be given below. Other 
series of measurements, taken at vapor pressures ranging from 0.06 mm to 
0.10 mm when plotted in the same way gave nearly equally good agreement 
with the equation. 
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Now if J be taken proportional to N, as was found to be approximately 
true, equation (1), after rearranging, becomes: 


I = const N? + [N(2/"!?)(Eo/kT)'/%e-£0!*T| = const N? + No (2), 


where k is Boltzmann’s constant. Thus we may express our results very well 
in the simple form, that the intensity of the afterglow varies directly as the 
square of the total number of electrons and inversely as the number of elec- 
trons having energies greater than Eo. If instead of No, we consider the num- 
ber, Ni, of electrons having an energy equal to Eo, we arrive at a similar re- 
sult. N, varies as (1/7*!?)e~¥e/*?, and if in equation (1) we put n=3/2, we 
obtain the result, 7=const N?/N,. This results in a linear relation between 
logio( /T*?) and 1/7, as shown in Curve (d) Figure 3, in which the data of 
Curve (a) are expressed in these coordinates. We therefore find that we are in 
equally good agreement with experiment if in equation (2) we substitute J, 
for No, which gives the result that the intensity is inversely proportional to 
the number of electrons having their energy equal to Ey. The part played 
by the fast electrons is thus to prevent the afterglow, the effect of electron 
temperature on the intensity depending primarily upon the change in the 
number of such electrons. It should be remarked that this general conclusion 
does not rest solely on the close fit of the results with the relations given above 
but seems to be a necessary conclusion from the observed rapid change of 
I with 7, so long as we assume that the effect of each electron on the process 
is a function of its energy and not of the mean energy of the whole group of 
electrons. 

The value of Eo as determined from the data of Curve (c) is 1.15 volt, from 
Curve (d) 1.35 volt. The values found from other series of measurements, 
when computed as in the case of Curve (c), range from 0.95 to 1.20 volt. The 
lowest value was obtained from a set of measurements covering only the 
lower temperatures and was probably affected by the fact that the intensities 
were often found to be less than those corresponding to the above equations 
when the electron temperature was below 1400°. Considering the precision 
of the measurements it seems probable that Eo is a constant, independent of 
the vapor pressure and other conditions and that the best average of the 
values determined is 1.15 volt when computed assuming J to depend upon 
No, and 1.35 volt if it depends upon N;. Furthermore, unless the efficiency 
of this preventative action of the fast electrons rises very rapidly as their 
energies approach the value Eo from below, it seems that we must assume 
that Eo is a minimum or a critical value for the energy of an electron which 
can so function and not an average value. 

There has been found no evidence that metastable or excited atoms of 
the 2° P states play any major part in the afterglow phenomenon. 

Our results suggest that we are dealing with a process more complex than 
that of a simple recombination in which only a single electron and an ion 
take part, possibly a recombination process involving two electrons and an 
ion. The form of equation (2) suggests that this process is of the type illus- 
trated by the following hypothetical picture, suggested by Mr. George Dean. 
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Assume that under the conditions in question complete recombination is 
accomplished in two stages, a first stage in which a slow electron falls into an 
outer level of the positive ion, and a second stage in which the electron makes 
a transition from this outer level to a lower level with the emission of series 
line radiation.* The first stage may be assumed to be accompanied by con- 
tinuous radiation and to be governed by the laws similar to those governing 
the recombination observed in caesium and helium discussed above. Assume 
further that fast electrons having energies greater than a certain minimum 
value Eo (or electrons having exactly the energy Eo) to be capable of reioniz- 
ing the atom which has experienced only the first stage of recombination. 
Let N’ be the concentration of such “partially recombined” atoms. The rate 
of formation of these atoms is A N*f(T) where Af(T) is the coefficient of re- 
combination, A being constant. The rate at which these atoms would change 
into normal atoms is given by RN’, where R is a transition probability. The 
rate of reionization of the partially recombined atoms would be CN’No, 
where No is, as above, the concentration of electrons having energies in ex- 
cess of Eo. Now we are observing a steady state in the vapor stream and .V’ is 
constant. If we neglect a small term giving the diffusion rate of V’ into the 
space observed, we get 


AN?((T) — RN’ — CN'N, = 0 (3) 
or 
N’ = AN2(T)/(R + CN)). (4) 


Now except for the smaller values of 7, R may be neglected with respect to 
CNo in the denominator of equation (4), since for larger values of 7, RN’ is 
negligible with respect to A N*f(T) and therefore with respect to CN’No. 
This follows since RN’ is proportional to the intensity of the afterglow, J, 
which decreases very rapidly with increase in temperature while A N°f(7°) 
varies not faster than 1/7’. 

If f(T) is taken equal to a constant we have from (4) J=const N?/ No, 
agreeing with the empirical equation (2) which expresses the experimental 
results. If f(7) is taken equal to 1/7”, as suggested in the first paragraph of 
this section, we have J=const (1/7 '/?)(N?/No) which gives equally good 
agreement with experiment. The value of E, in this case is about 7 percent 
lower than in the case of f(7) = constant. 

In the above N,, the number of electrons having exactly the energy Eo, 
may be substituted for N» without further change except that the correspond- 
ing values of Ey would be increased by about 15 percent. 

For the smaller values of JT at which observations were taken and for 
small values of NV, R may be no longer negligible with respect to CN» and we 
should then find the intensity less than would be expected from equation (2), 
and would further find for diminishing N that the intensity would vary more 


* Compare this with the “initial recombination” postulated by J. Franck (Zeit. f. Physik 
47, 509 (1928)): see also L. R. Maxwell (Phys. Rev. 32, 715 (1928)). 
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nearly as the second power of NV. The experimental results give evidence that 
this is the case, but are not sufficiently reliable to test this in detail. 

It is obvious that the first stage of recombination assumed above may not 
necessarily involve an electron and a positive ion but may be the formation of 
some kind of molecular state, which in breaking up leaves the atom with 
such excitation as is necessary for the radiation of the arc lines. Recent 
studies by Mohler and Boeckner* of the photoionization of caesium indicate 
that the molecule ion plays a major part in that process and it is therefore 
probable that it is also an important factor in recombination. The picture 
given above represents only the type of process which the experimental re- 
sults seem to indicate as necessary to account for the properties of the after- 
glow radiation in mercury vapor. 

Lawrence’ and other investigators have found a series of ultra-ionization 
potentials lying above the normal 10.4 volts ionization potential. The first 
four of these lie 0.20, 0.89, 1.30 and 1.66 volt, respectively, above 10.4 volts. 
It is suggested that the critical potential E) may be related to one of these 
ionization potentials. 


* Boeckner, B. S. J. of Res. 5, 13 (1930); Mohler and Boeckner, B. S. J. of Res. 5, 51, 399, 
831 (1930). 

10 Lawrence, Phys, Rev. 28, 947 (1926); Jarvis, Phys. Rev. 27, 808 (1926); Hughes and 
Van Atta, Phys. Rev. 36, 214 (1930). 








JANUARY 15, 1931 PHYSICAL REVIEW VOLUME 37 


ON THE PERSISTENCE OF MOLECULAR ROTATION 
AND VIBRATION IN COLLISION 


By O. OLDENBERG 
JEFFERSON PuysICAL LABORATORY, HARVARD UNIVERSITY 


(Received December 5, 1930) 
ABSTRACT 


The present paper attempts to explain some observations on the exchange of 
vibrational and rotational energy of molecules on the basis of the laws of impact, tak- 
ing into account the postulate of quantisation. It is pointed out that when one of the 
bodies involved in the impact is much lighter than the other the exchange of energy 
becomes improbable. The persistence of rotation of HgH molecules in an excess of 
nitrogen, suggested by Beutler and Rabinowitsch, is discussed. A related phenome- 
non is found in some chemical activations produced by Hz molecules but not by any 
other molecule. The resonance rule for the probability of impacts of the second kind 
needs some modification for the exchange of vibrational and rotational energy between 
molecules. The transfer of vibration and rotation from the excited iodine molecule 
is discussed. In electron impact, the rotation of the molecule does not change, but the 
vibration does. This is interpreted on the basis of a hypothesis introduced by Franck 
and Jordan. Within ordinary gases, N» or H2 or Ix, no perSistence of vibration or rota- 
tion should be expected. 


N THE present paper, an attempt is made to explain some observations, 

concerning molecular vibration and rotation from a classical standpoint, 
taking into account the postulate of quantisation. It should be emphasized, 
that this treatment of impact is intended to serve only as an approximate 
picture which may be of value as a starting point for experimental work. 


I. ROTATION OF HGH IN N, 


In a recent paper, Beutler and Rabinowitsch! offer an interesting inter- 
pretation of an experiment carried out several years ago by Wood and Gavi- 
ola.2, These authors investigated the “sensitized fluorescence radiation” of Hg 
vapor with the addition of very little hydrogen and a considerable amount of 
nitrogen. Exciting the mercury atoms, they observed in fluorescence the band 
spectrum of the HgH molecule. It is a strange fact that the intensity dis- 
tribution within the individual band corresponds approximately to a temper- 
ature of 3000°K, although the experiment is carried out at room temperature. 

In a thorough discussion, Beutler and Rabinowitsch come to the con- 
clusion that the excited HgH molecules are produced in the following two 
steps. The first elementary process consists of the exchange reaction Hg’ 
+H,.=HgH+H. In this reaction the 0.62 volt excess atomic energy over the 
required chemical energy changes partly into rotational energy of the HgH 
molecule, thus producing a rotation far exceeding the normal value. Ina 


' H, Beutler und E. Rabinowitsch, Zeits. f. Physik. Chem. (B) 8, 403 (1930). 
2 E. Gaviola and R. W. Wood, Phil. Mag. 6, 1191 (1928). 
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later process, this HgH molecule is excited by an impact of the second kind 
with another excited mercury atom. There are, however, only a very few of 
these excited mercury atoms. Therefore the authors assume that the anoma- 
lous rotation of the molecule HgH, produced in the first process, persists until 
the HgH collides with an excited Hg atom, in spite of a great many (more than 
1000) collisions, most of them with Nz molecules. It is possible of course, 
that the HgH molecule is formed with a still higher energy of rotation and 
gives part of it away. At any rate it is unexpected that the great number of 
intermediate collisions should fail to reduce the rotational energy to the 
normal value before the excitation of the molecule takes place. Are we able 
to understand this apparent persistence of rotational energy by the laws of 
impact? 

An essential feature of the experiment is the heavy molecule HgH, having 
but a small moment of inertia, colliding with the molecule Ne, which is heavy 
compared with the H-atom. A reasonable picture of the collision is that the 
HgH molecule consists of the heavy mercury atom at rest and the H atom re. 
volving about it with highest speed because of its small weight and the ab, 


we rs)3 (8)8 


a b c 
Fig. 1. Transfer of rotational energy of HgH to N, 

normal rotation produced by the excess energy of the reaction. This system 
collides with the N. molecule, supposed to be comparatively slow and not 
rotating. This impact is evidently related to the ordinary impact between a 
light and a heavy particle: the light particle is unable to give away any con- 
siderable fraction of its energy on account of the laws of impact.’ In colli- 
sion, the rotational energy and the moment of momentum given up by the 
HgH, split up generally into two parts, one of them going over into rotation 
of the No, the other into translation of the N»2, knocked away from the heavy 
system HgH in the direction of the arrow (Fig. 1a). 

Since the general discussion of this collision is complicated, it will be 
sufficient to treat two extreme cases. First, we assume that the fast H atom 
in its circular orbit collides in a head-on collision (Fig. 1b) with a rigid body, 
representing the N, molecule. Thus from classical mechanics, we come to the 
result that the H atom is able to give away 1/7.5 of its energy (or less if the 
collision is not head on). 

Let us next consider the other extreme case, in which the rotational energy 
of the HgH goes over as much as possible into rotational energy of the Nz mole- 
cule (Fig. 1c). The fast H atom hits the left N atom, while moving toward its 
nucleus and perpendicular to the nuclear axis of the Nz molecule. This col- 


3 Cf. J. Franck, Zeits. f. Physik 25, 312 (1924) and G. Joos und H. Kulenkampff, Phys. 
Zeits, 25, 257 (1924). 
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lision accelerates the left N atom in a direction, in which it can move an in- 
finitely small distance, without accelerating the right N atom. Therefore, we 
are allowed to compute the resulting motion of the whole Nz molecule in two 
separate steps. In the first step, only the left N atom is accelerated by the 
fast H atom; and after the collision, in the other step, the kinetic energy of 
this N atom produces such a translation of the whole Nz molecule that its 
center of gravity keeps its velocity constant and in addition the molecule 
starts its rotation. The result is that the HgH molecule can give away 1/4, or 
probably less, of its rotational energy. The same reasoning should hold for 
the persistence of vibrational energy, although no observation of the phenom- 
enon is known. 

Since collisions are not head on in general, we understand that the rota- 
tional energy of HgH is given away in collision with Ne molecules only in 
small steps—-or with small probability if only large quanta are available. 
Thus we understand a persistence over let us say 10 or 20 collisions, but not 
over many thousand collisions, as suggested by Beutler and Rabinowitsch. 
This smaller amount of persistence, however, seems to be sufficient, if we 
assume a slightly different process of excitation. We assume that the metas- 
table atom Hg’ excites a HgH molecule with normal rotation, but with con- 
siderable vibration. This type of transition is understood by the Franck- 
Condon rule. When the H atom, vibrating as a part of the HgH molecule, 
collides with a comparatively heavy body, e.g., the N» molecule, its energy 
may change easily into its own rotational energy. On account of the laws 
of impact, the heavy N» molecule takes away only a small amount of energy. 
Thus a HgH molecule is produced with strong rotation which may collide, 
before it radiates, several times with N2 without losing much of its rotational 
energy. When in a mixture of molecules containing light and heavy atoms 
some light atoms have a preferred energy, the general tendency is that equi- 
partition of energy is reached first among the degrees of freedom of the light 
particles, much later among the degrees of freedom of the heavier particles. 
When N, is replaced by H.O, we expect a rapid dissipation of the rotational 
and vibrational energy of HgH on account of the numerous H atoms pres- 
ent.‘ This explanation differs from that of Beutler and Rabinowitsch in 
that it assumes a persistence of rotation only during the life-time of the ex- 
cited state, i.e., over a few collisions, but not over the long period between 
formation and excitation of the HgH molecule. 


2. RELATION TO ACTIVATION ENERGY 


In the present theory, the persistence of vibration and rotation is inter- 
preted not as a fundamental quality of these degrees of freedom, but as due to 
the special interaction of light and heavy bodies in collision. Therefore it 

* Presumably the peculiar intensity distribution in the HgH bands, observed in the electric 
discharge by W. Kapuscinski and J. E. Eymers (Zeits f. Physik 54, 252, 1929) is to be explained 
by the same phenomenon. However, the process of excitation in the electric discharge is not so 
well understood as in fluorescence; in the discharge, excitation could take place in the same 
elementary process as the formation of the molecule HgH, contrary to the fluorescence experi- 


ment. 
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should be expected that this persistence plays a part in chemical activation, 
because it may happen that some molecules are able to give away activation 
energy, as far as it is vibration or rotation, not to any partner but only toa 
selected type of molecule. 

Professor G. B. Kistiakowsky has pointed out to me, that possibly this 
type of selection plays a part in the “mono-molecular” decomposition of some 
organic compounds. From a thorough experimental and theoretical discus- 
sion, Hinshelwood? has drawn the conclusion that hydrogen, but no other gas, 
has a special power to activate the vapors of diethylether, dimethylether, 
propionic aldehyde and acetaldehyde by thermal impact. These organic 
molecules contain groups of H atoms. It might be assumed that the energy of 
activation consists largely of vibration of these H atoms. According to the 
present argument, their vibration should show a persistence in collision with 
heavier molecules but not with the lightest molecule H,. This ability to give 
away vibrational energy should correspond, according to the principle of 
microscopic reversibility, with the ability to take up vibration from a colliding 
He molecule, but not from heavy molecules. 

It remains to explain, however, why helium fails to show the same effect, 
although it has only two times the weight of He. As in the interaction between 
HgH and No, we assume again that the vibration of an H atom, belonging to 
the organic molecule, is excited by ordinary collision with the H; molecule 
or the He atom. Both of them are somewhat heavier bodies which must have a 
sufficient excess of energy in order to give the energy of vibration to the bound 
H atom. From the Raman effect this energy level of vibration of the H atom 
attached to carbon is known’ to be approximately 3000 cm~!. According to 
the laws of impact, the Hz molecule must have 12.5 percent more energy, 
whereas the He atom must have 69 percent more energy. Assuming a temper- 
ature of 520°C as in Hinshelwoods experiments, we come to the conclusion, 
that the number of He molecules, able to activate, is ten times larger than the 
corresponding number of He atoms. This ratio, calculated only from the 
masses of Hz and He, seems to be not quite sufficient to explain the observed 
difference. It should be taken into account, however, that the Hz molecule 
with its five or six degrees of freedom contains on the average much more to- 
tal energy than the He atom with its three degrees of freedom. 


3. PROBABILITY RULE FOR IMPACTS OF THE SECOND KIND 


On the basis of a group of experiments, Frank and Jordan’ have estab- 
lished the general rule that in impacts of the second kind most probably the 
smallest possible amount of energy of translation is produced. Kallmann and 
London§ derived the same rule from wave mechanics, describing the transfer 


5 C, N. Hinshelwood, Proc. Roy. Soc. Al14, 84 (1927) and C. N. Hinshelwood and P. I. 
Askey, Proc. Roy. Soc. 115, 215 (1927) and 116, 163 (1927). 

6 D. H. Andrews, Phys. Rev. 36, 549 (1930). 

7 Cf. J. Franck und P. Jordan, Anregung von Quantenspriingen durch Stésse, Berlin 
1926, p. 226. 

8 H. Kallmann und F. London. Zeits. f. physik. Chem. (B) 2, 207 (1929). 
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of excitation energy by a resonance phenomenon without introducing the 
translation in their equations explicitly. Corresponding to this rule, Beutler 
and Rabinowitsch discussed the persistence of rotation assuming that the 
rotational energy of HgH should change in collision mainly into rotational 
energy of Nz, only the smallest possible fraction going over into energy of 
translation. 

Franck and Jordan based their rule on experiments in which the initial 
state of the energy is represented by an excited electronic level. It is doubtful 
if this rule applies without modification to the exchange of vibrational and 
rotational energy between molecules. However, this exchange can be repre- 
sented to some extent by classical mechanics.* The mechanical treatment of 
exchange of vibrational and rotational energy between two colliding mole- 
cules leads necessarily to the formation of a considerable energy of transla- 
tion, (cf. Fig. 1c) thus violating the rule that no energy fo translation is pro- 
duced. Hence the rule seems to apply strictly to a limiting very important 
case i.e. the exchange of energy between electronic levels.!. For the motion 
of heavy masses, however, it requires some modification. 


4. ROTATION AND VIBRATION OF I, IN HE 


Some related phenomena are known. Beutler and Rabinowitsch refer to 
the iodine fluorescence radiation, excited by monochromatic light and 
changed, according to the experiment of Franck and Wood," by the addition 
of helium. This experiment shows a transfer, although a rather slow one, of 
rotational energy of the iodine molecule. Some persistence of rotational 
energy is in this case probably due to the large mass of each iodine atom 
making impossible the transfer of much energy in a single collision with a 
light Heatom. 

Wood and Loomis” describe the transfer of vibrational energy from I, to 
He, observed in the same experiment. It takes place very seldom, although 
from the standpoint of mechanics it could take place as well as the transfer 
of rotational energy. 

We may explain the observation that the vibration is affected less than 
the rotation by taking into account a general distinction between rotation 
and vibration. The rotational energy is in any moment kinetic energy, where- 


® How successful this classical treatment of the nuclear motion is, can be seen in the ac- 
complishments of the theory of intensity distribution in band spectra, based on a mechanical 
picture by Franck, extended and expressed in wave mechanics by Condon (Proc. Nat. Acad. 
Sci. 13, 462 (1927). 

10 If there is kinetic energy of a heavy mass produced—e.g. excitation of Hg going over 
into vibration of N.—it should take place indirectly as discussed below, footnote 14. 

1 J. Franck and R. W. Wood, Verh. d. d. phys. Ges. 13, 78 (1911). 

122. R. W. Wood and F. W. Loomis, Phil. Mag. 6, 231 (1928). This phenomenon in which 
the colliding H atom takes up only a small part of the vibrational energy of the heavy |, is 
related to the phenomenon described by Knudsen's ‘accommodation coefficient” which, in 
turn, defines the degree to which a reflected gas molecule adjusts its energy to that of the re- 
flecting surface (Ann. d. Physik. 34, 519 (1911). For Pt and W surfaces this coefficient in- 
creases with the molecular weight of the gases. 
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as in vibration the energy changes continually between the kinetic and poten- 
tial form. It is available for impact only in the short time interval in which 
most of it is kinetic and in which the atoms are moving apart. Hence in colli- 
sions with a monatomic gas, vibrational energy should show a greater per- 
sistence than rotational energy. 

In order to explain Wood’s and Loomis’ observation (the comparatively 
large persistence of vibration) still another difference between vibration and 
rotation should be taken into account. Let us consider the inverse process. 
He atoms of high speed colliding with I, molecules, which may be considered 
to have no appreciable energy. How probable is the transfer of the kinetic 
energy of the fast He atom into vibration or rotation or translation of the I, 
molecule? For exciting vibration, the most favorable direction is along the 
line of the nuclear axis (Fig. 2a). For exciting rotation, however, 


l » ies 
One 


a b 
lig. 2. Excitation of vibration and rotation of the 1. molecule by the He atom. 


the most favorable direction of the He atom is any direction within the two 
planes, represented by dotted lines in Fig. 2b. Finally, for the transfer of 
energy of translation from the He to the In, there is no direction preferred 
within the whole spherical angle. Therefore the chance for translation is larger 
than for rotation, and this again larger than the chance for vibration. We may 
conclude, that in the inverse process, where the He atom takes up energy, the 
vibration of the I, molecule should be more persistent than the rotation, in 
agreement with Wood's and Loomis’ observation. 


5. EXCITATION OF VIBRATION AND ROTATION BY ELECTRON IMPACT 


Similar considerations may be applied to the excitation of molecular vibra- 
tion and rotation by electron impact. From his experiments, Harries'’ drew the 
conclusion, that a 5-volt electron is able to excite vibration of the Nz molecule, 
but that it cannot excite rotation at all. It has been pointed out by Franck 
and Jordan," that this excitation of vibration cannot be understood by an 
ordinary elastic collision of the fast electron hitting the molecule head on 
(Fig. 2a), because the light mass of the electron is not able to give away this 
large fraction of its energy in elastic collision. The same inability of the elec- 
tron holds for rotational energy, although the rotational quanta of Nz» are 
much smaller than the vibrational ones." 


13 \V. Harries, Zeits. f. Physik 42, 26 (1927). 

4 J. Franck and P. Jordan, Anregung von Quantenspr ingen durch Stésse, pp. 255 and 244. 

16 W. Rasetti, Phys. Rev. 34, 367 (1929); the 5-volt electron giving away 1/1400 of its 
energy to an N atom, cannot excite the rotational quanta of the N2 molecule, The same result 
holds in collision with a H; molecule. 
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Instead of the ordinary elastic collision between the 5-volt electron and 
the N2 molecule, Franck and Jordan assume that the approaching electron has 
some influence by its electric field on the law of force keeping the N atoms 
together. The main difference between both pictures of collision is the fol- 
lowing: in the ordinary elastic collision, the impinging electron would trans- 
fer part of its energy and impulse directly into translation or vibration or 
rotation of the molecule. In the hypothesis of Franck and Jordan, how- 
ever, the electron penetrates the structure of the molecule. Without exciting 
a higher electronic level of the molecule—the first level requiring 8 volts- 
the electron modifies by its field the law of force keeping the atoms together. 
Thus by its mere presence, the electron may shift the equilibrium position of 
the nuclei, represented by the minimum of the potential curve. The nuclei 
start the vibration, accelerated not directly by the impact of the electron, but 
indirectly by the modified law of force. If the passage of the electron across 
the molecule takes an appreciable time compared with the period of vibra- 
tion, it may happen, that the electron leaves the molecule in the vibrating 
state. From our point of view, the main feature of this hypothesis is, that the 
acceleration of the nuclei is produced indirectly by the modified law of force. 
This can give rise only to vibration, not to rotation on account of the conser- 
vation of moment of momentum. Therefore in collision with 5-volt electrons, 
we should expect an energy transfer in vibration only, but a strong persistence 
of rotation. This conclusion is in full agreement with Harries’ experiments.'® 

(It would be hard to introduce the corresponding assumption that in the 
collision between I, and He discussed above, the neutral He atom, colliding at 
room temperature with an energy as low as 0.03 volt, causes an appreciable 
change in the law of force of the I; molecule. In this collision between heavy 
bodies there is no reason to discard the ordinary mechanical picture of the 
collision. ) 


6. EXCHANGE OF VIBRATION AND ROTATION WITHIN ORDINARY GASES 


In the examples discussed above, some persistence of vibration or rota- 
tion is due to the extreme ratio of masses, e.g. of electrons colliding with NV, 
molecules. The most important case consists of collisions within the mole- 
cules of the same gas, Nz or He or Ix. No restriction for the energy transfer 
and therefore no persistence of the same type should be expected. 

Concerning these collisions, there are almost no optical data available." 


'© The marked resonance in the transfer of excitation of the Hg atom into vibration of N, 
or CO or H.O (H. Beutler and E. Rabinowitsch, Zeits. f. physik. Chem. B. 8, 411 (1930) 
demonstrates that no appreciable translation is produced. Therefore, this process is very dif- 
ferent from a mechanical impact, as should be expected because the initial state of the energy, 
the excited state of the atom, has no kinetic energy of a heavy mass. It should be described by 
a similar picture as Franck’s and Jordan’s, i.e., we assume that the close contact with the ex- 
cited Hg atom modifies the electronic level and therefore the law of force of the molecule and 
changes the equilibrium position of the nuclei, thus starting vibration. (Cf. H. Beutler and W. 
Eisenschimmel, Zeits. f. physik. Chem. 10, 103, 1930.) 

17 The complicated background in Wood’s photographs of the resonance series in I+ with 
long exposure (Phil. Mag. 35, Plate VI, f. 1918) should be due to this process. 
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Professor A. Eucken called my attention to the fact, that we may draw a 
conclusion from thermal measurements. It is consistent with our expecta- 
tion that the ratio of specific heats, measured from the velocity of sound, does 
not change at the highest frequencies'’ which means that, even for the quick- 
est change of temperature, equipartition is maintained among all degrees of 
freedom of the diatomic molecule. It should be concluded that vibration and 
rotation are taking their full share in the exchange of energy. The great ex- 
perimental difficulty, however, in these experiments should be emphasized. 

The classical treatment of impact applied in the present paper is intended 
to serve only as an approximate picture which may be good as a starting 
point for experiments. An experimental investigation is under way. A more 
thorough treatment of these processes on the basis of wave mechanics is being 
developed by Dr. C. Zener. Some interesting results, published recently by R. 
Rompe lead to the conclusion that some specific influence of the electronic 
term takes place. This kind of influence does not lend itself to representation 
by a classical picture. 

Our main conclusion is that the persistence of vibration and rotation can 
be explained largely by classical ideas. Especially in the complicated inter- 
pretation of the HgH fluorescence given by Beutler and Rabinowitsch, the 
most doubtful detail, i.e., the excitation of abnormally rotating molecules, 
is understood by a general rule, the equipartition of energy being reached at 
a rate depending largely on the ratio of the weights of the particles. This 
result supports the other steps of the interpretation given by Beutler and 
Rabinowitsch which are of importance in photochemistry. 

The author greatly appreciates the criticisms of Professor J. Franck, Pro- 
fessor E. C. Kemble and Dr. C. Zener. 


18 C, D. Reid, Phys. Rev. 35, 814 (1930) and M. Grabau, to be published in spring 1931. 
'° R. Rompe, Zeits. f. Physik 65, 425 (1930). 
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ABSTRACT 


A statistical calculation of the average internal field in a dielectric is carried out. 
The following relation is obtained between the dielectric constant, e, and the molecular 
polarizability, po: 


en1),_4Npo 1 
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where | isthe molal volume, pis the density and 


322°N* po? : <«@ 
Xo = er ¢ + _). 
45B 3 BRT 
Here A and B are the constants of a van der Waal type equation of state. This expres- 


sion becomes identical with the familiar Clausius-Mosotti relation in the limit of zero 
density. The formula is applied to dielectric constant measurements on several gases. 


INTRODUCTION 


HE concept of the dielectric constant rests upon a simple empirical basis. 

Faraday’s experiments suggested that the intensity of the field arising 
from a given distribution of charge was less in a material substance than in free 
space. There was, moreover, evidence that the field intensity in a non-conduc- 
ting substance was proportional to the original field intensity in free space. 
These facts were formulated in the following equation: 


D=ec€E (1) 


where D, the dielectric displacement, is most simply interpreted as the field 
intensity existing in free space for the given charge distribution and £ is the 
field intensity arising from the same distribution in a substance of dielectric 
constant €. In view of the molecular character of the dielectric, it is clear that 
the measured field E is an average value, for macroscopic measuring systems 
are incapable of detecting the fluctuations in E occurring in the intervals of 
space and time associated with the thermal motion of the molecules. The 
fluctuations in the molecular configuration must, nevertheless, play an im- 
portant part in determining the average polarization of the moving molecules 
constituting the dielectric. 

Before it is possible to correlate the dielectric constant with the polariza- 
bility of the molecules, it is necessary to calculate the average value of the 


* National Research Fellow. 
** Contribution No. 253. 
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field effective in polarizing a molecule. Moreover, it is evident that the aver- 
age internal field, referred to the moving molecule will not be identical with 
the field & referred to a point fixed relative to the external measuring system. 

The Clausius-Mosotti relation is usually accepted as giving the relation 
between the dielectric constant of a substance and the polarizability of its 
constituent molecules. The computation of the internal field which leads to 
this formula purports to be based upon molecular considerations, but in the 
analysis, use is made of the device of a spherical cavity excised about the 
molecule. This seems justifiable only when the dielectric material is con- 
sidered to be a continuum. The empirical success of the resulting formula in 
no way answers the logical objections to this analysis. For this reason, the 
use of the Clausius-Mosotti relation except in the case of gases at low density, 
where it has received adequate empirical confirmation, has been attended by 
great uncertainty. 

There is here presented a statistical calculation of the average internal 
field leading to a formula which becomes identical with the Clausius-Mosotti 
relation in the limit of zero density, but which deviates somewhat from it at 
higher densities. 


LIMITATIONS OF THE CASE CONSIDERED AND DERIVATION 
OF DIELECTRIC CONSTANT FORMULA 


The considerations to follow will be restricted to the relatively simple 
case of a gas of sufficiently low density so that the probability of molecular 
encounters involving more than two molecules is insignificantly small; and to 
temperatures sufficiently high so that an inappreciable fraction of the mole- 
cules are in quantized collision states such as may occur in molecular aggrega- 
tion. Under these conditions the molecules may be regarded as continuously 
distributed in configuration, and moreover, the potential energy may be ex- 
pressed as a sum of terms involving the relative codrdinates of only two mole- 
cules. 

It is desired to investigate the effect on the molecules constituting the fluid 
of an homogeneous external electric field. Take for consideration the region 
between the parallel plates of a condenser assumed to be filled with a fluid in 
equilibrium consisting of +1 molecules of identical polarizability. Select for 
observation a molecule j not in the immediate neighborhood of the bounda- 
ries. The instantaneous and total field F; acting on 7 may be written, 


F;=D+F; (2) 


where, as before, D, the dielectric displacement, is the field arising from the 
external charge distribution on the condenser plates and F;,;’ is the field arising 
from the other molecules of the dielectric. If, however, Fj,’ is the field arising 
from an arbitrary molecule k we may write, 


F/ = DF’. (3) 


k=l 
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The average value of any F;,’ term may be written: 


} cae { F j,e-“*!*'Tdr, - ++ dtp 


’ . 
= (4) 
| tae / e~u*lRT dr, + dt, 
where 1* is the total potential energy of the system and dr, is an element of 
the complete configuration space of a single molecule. The integration is to be 
extended over all of configuration space available to the molecules. 
It will occasionally be convenient to consider Fj,’ as averaged only over 
the orientations of the molecules, designated by Fj’, while the final average 


of F;,’ over all configurations of the centers of gravity of the molecule will be 
denoted by F;,’. 
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We proceed to calculate F;,’, the molecular field acting on the molecule j 
originating in an arbitrary molecule k. Choose a system of rectangular co- 
érdinates (x, y, ) whose origin is at the center of gravity of j and z axis parallel 
to the vector D. Similarly choose a second system (x’, y’, 3’), with origin at 
the center of gravity of k with axes parallel to (x, y, z) see Fig. 1. 

Suppose molecule & to consist of an assembly of charges ea; - - - e; whose 
average positions in the isolated molecule are given by the coordinates x,,’, 
Vio’, Z10’ * * * Xio’, Vio’, Zio’. When a field is present it will be assumed that the 
perturbed positions, x;’, y;’, 3;’ are given by 


ai’ Xia’ + SiX’ 
yi) = yio’ + fils : (5) 
if = tio + fiZi 
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where the f;’s are constants and X;, Y;, Z, are the components of the field 
acting on k. By expanding the potential at the center of j due to all the 
charges constituting & in a series of powers of x;’, y;’, 2;’ there results for the 
potential ¢;,’. 
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of which the first term is zero for a neutral molecule. Here x, y, and z represent 
the coordinates of the center of gravity of k relative to j and r is the separation 
of the centers. We assume that the field, Fj’, defined by this potential may 
be regarded as homogeneous over the small region occupied by a molecule. 
For its z component we may write 
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Using this expression for Z ;,’ in Eq. (4) and integrating over all possible 
molecular orientations! we obtain 


oF in (Z em W/AT I xd yid2, ++ + dXnd y,d2, 
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Ni 





where w is that part of the potential energy dependent upon the configuration 
of the centers of gravity of the molecules, x; - - - n. With the aid of Eq. (4) 
we may express Z;,’, the value of Z;,’ averaged over all orientations of the 
molecules with respect to their centers of gravity as 


1 P, Debye, Polar Molecules, 27 (1929). 
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Za! pee. bo (9) 


m+2 
m=1 1 


where 


Bi = po[(3s2/r? — 1)Z, + 3x2 Xy/r? + 3yzV,/r? 

Bs = 3ko|(1525/r? — 95/r)Z,2 + (15x°s/r3 — 3s/r) XZ 
+ (15 y%2/r? — 32/r) V2 + (30x22/r® — 6x/r) KAZ, 
+ (30ys?/r? — 6v/r)VZ, — 30xvsN.V,/P | 


and po=atyp?/ 3k7 








= def? + a iofi + 


3kT 15k*T? 


dei 70°. 


Here @ is the sum of the electronic and atomic polarizabilities, }e;fi, u is the 
permanent electric moment of the molecule, 79 the distance of the charge e; 
from the center of gravity of the molecule k, k is Boltzmann’s constant and 7 
the absolute temperature. X,, Y;, Z;, etc., are the components of the field 
acting on k, averaged over all molecular orientations. 

We shall write Eq. (9) in a slightly different manner: 


7 Mr 

Z jx {4% ++ tS t (10) 
where £;’, Bo’ - - - are formed by replacing Z,, X,, VY, ete. in 8, B,, by their 
average values Z,, Xr, Y,. Likewise, 8,”, 82", are formed by replacing these 
quantities in B;, B2 - - - by the fluctuations from their average values, Z, 
—Z., X.—Xx, ¥i—Yx, etc. It is apparent that the first series on the right 
hand side of Eq. (10) gives the magnitude which Z ;,’ would have if the mole- 
cule k remained rigidly polarized by the average field F; throughout all con- 
figurations of the centers of gravity of the molecules. The second series gives 
the contribution to Z;,’ resulting from the fluctuation of F, from its average 
value F,. 

From Eqs. (2) and (3) we have 


” 
yy , 
) » ik 


k= 


and 
DZ. (11) 
k=1 


Moreover, it is evident that all of the Zin’ must be identical, since the mole- 
cule k was selected at random from the » molecules surrounding 7. Therefore 


Zi = nZ ize (11a) 








er 


ee 


-—a 
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From Eqs. (8), (10) and (11) we obtain 
Z,=1+1: 


where 
f--. S( rs. theme ew “ITA xd yids, + + + dXndYndEn 
Py 2. A omeunenmias 
J: - “IkTd yd yids, se AXnd Vndoy, 
tis Aliceehni :. Lonot a a 


0 
|. {= wIURTd xy + + + d3y 


The potential energy of the system may be written 


" n , 
“t= x ) D(a 54° + jx ) 
j=1 k=1 


where u ;,° is the normal potential energy of two molecules j and k which has 
been assumed to depend only upon the relative coordinates of the two, and 
u’ ;, is the additional energy when there is an external field present. 

It is easily shown that for weak fields, «;,’ is always so small relative to 
kT, that it may be neglected in the evaluation of the integrals of Eq. (10). It 
will therefore suffice to consider « as given by the normal potential energy 


1 5°.) 


Note I. If wi; and wiz designate the electric moments of j and k along the z axis, averaged 
over all molecular orientations, then there may be written approximately, neglecting a term 
which is constant throughout the region considered. 


mM {2s 4 a (= 1 yf 
uu, = — —-+ > (a) 
rip’ P\eF , \ 


nm, = pw D + F,’) ni, = po(D t F,') 


where 


We may anticipate the result of the calculation of F,’ by assigning to it the approximation 
—(82/3)pNpol, where p is the density. Also approximately 


- > 8 3 12 
l(F (— KF,’ |W? = “Y pod ( : -) 
; 3 4aNo* 


where a is the distance of nearest approach of two molecules. It may therefore be safely assumed 
that m; and m, are in general of the order of magnitude of po). Thus from Eq. (a), the maxi- 
mum value assignable to lain’ | is the order of magnitude of 


| Myx} = (2pe?D*/o*)(2 + a/o*). 





For hydrogen at 300°K we have 
kT = 4.11 X 10™™ ergs 
po =a =8 X 10-* cc 
o0 = 2.3 X 10-* cm. 
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For a value of D of 900 volts/cm, there results: 


1 ue’ | /kT A4 X 107 


Since the series 
By, r? + py’ rn 


depends only upon the relative coérdinates of j and &, the first integral J, 


becomes 
J J ie D8.) pees ‘Je ie RUA vd Vad Sx 
| f fe eR RTA yd Vids), 


In evaluating the latter integral it will be sufficient to employ the van der 
Waal’s or rigid-sphere molecular model. It is assumed then, that the mole- 
cules have spherical symmetry relative to the coordinate system fixed in space 
by the vector D. Lack of spherical symmetry resulting from the orientation 
of a permanent dipole in the molecule, as well as from the induced deforma- 
tion of the average configuration of the charges constituting the molecule, 
will be negligible unless the external field is very large. It will be further 
assumed that a distance of nearest approach, o, exists such that 


ux.° = © forra, So 
When r;,>0, e~"*'*" is to be expanded as 
tsn\° 
+ 4 -28y. 
a oe 
The evaluation of J; leads to the result 
Sr Poe 


I, = —-—n—Z. 
3.°Y 


~ - (Sr 
Z; = — Zi 3 yp — Xd}. 


There i is no physical distinction between molecules j and & and accordingly 
Zi; and Z, must be equal.'! 


If J» =\Z, there results, 


Note II. First make the approximation 


ff femumtacaya: 


where V is the total volume between the plates of the condenser. Jt will differ from the above 
integral only by a quantity of the order of magnitude of the volume of a single molecule. After 
transforming to polar coordinates we obtain: 
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Tia oe 
\1 + y- 1 ( _asty tar sin od0d¢ 


where 2, and 22 are the distances of the molecule j from the two plates of the condenser. 

It is possible to expand w;,° in powers of 1/7 of which the dominant term is a/r*? 
It is therefore obvious that when the multiplication indicated in the integrand is carried out, all 
terms except 8,'/r will contain 1/r to the second or higher powers. The contribution of these 
terms to the integral will decrease so rapidly with r that we may safely take the upper limit in 
the integration over ras «. Wethen may write 


npo (*" atel andl - greene,’ . maf et a’ St ujx°\* 
|= “f [J | | | ] ~ sin 0d0drd ml f f —_ —( -“=) 
V 0 0 o + ri2%@¢ r eile + V e 0 o fF 2 s! kT 
\32" } = I un?\?) . 
+ ip Pers ( \1 + X —( - ) " sin 0déd@dr. 


It is to be remembered that 1;,° is independent of @ and ¢, since it has spherical symmetry around 
j because of the averaging over all mutual orientations of j and k. Moreover, each of the coeffi- 
cients 3;’, 8)’, + + + satisfies the relation 


228 3 
| | 3,,’ sin Odédo = 
0 0 


It follows that through integration over the angles the second integral vanishes term by term 
and there remains when we insert the value of 8,’ 


“he f [ f f “ "+ il I sau cos*é — 1) + 3X: sin @ cos @ 


a dr 
+ 3Y; sin @ sin $¢ sin 6d0 —d@ 
r 


Integration over r and ¢ yields 


2xn = | 
—pol Ze’ — (3 cos? — og cos @ sin 6 (3 cos?@ — 1) ae — — sin 6dé 
3 1) 1 dé + 1) 1 1 
“0 31 
e ) 8x ry 
+ ef (3 cos*9 — 1) log — sin 6d0> = — — —Z,. 
r/2 32 ) 3 J 


It is to be noted that this quantity is independent both of z; and zz as well as of o. 


The subscripts may therefore be neglected and the average value of the Z- 
component of the internal field becomes, if it is remembered that Z =Z’+D 


(Eq. 4). 


‘i D : 
Z = ——_———— . (13) 
' 8x un . 
: 7? 


A similar calculation shows that Y; and x, vanish, and the average value of 
the resultant internal field F is merely, 


. D 
F = ———______ (14) 
rH 
+= os 


2 Eisenschitz and London, Zeits. f. Physik, 60, 491 (1930). 
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This equation when combined with the usual classical relations, 








D=ec€E 
D= E+4nP 
2 « 
P = —pol 
J 
gives; 
emi dir l 
——)Y = —Np_— (15) 
e+ 2 3 1—A 


where v is the molal volume and € is the dielectric constant. Equation (15) 
reduces to the familiar Clausius-Mosotti relation 
e- 1 dir y 16) 
——1 = —Npy (16 
e+2 3 
only if \ is identically zero for all temperatures and pressures. This is not in 
general true. The quantity A is a measure of the contribution of the fluctua- 
tions in F. It will be shown that A is proportional to the density as long as only 
binary molecular encounters need be considered. For very dense gases, on the 
other hand, the effect of the fluctuations is less important and J will be smaller 
than the formula indicates. 
In evaluating the quantity A it will be sufficient to retain only the dipole 
term in the Z;,’ series. It will be conveneint to make use of the identity 


n—1 


# — Z = (Zia - Zz.) + Zu; —_ | ae 


\ may then be written 


f io J ve “uIKT y+ + + dz, 

HN 

3 neers = : 
| +" { c W/kTdy) ++ dz, 


where 





0 32? a s " 
iia . \( aaa >) > 2a’ — Zi1') + (2x; — Z,,.;') 
r l=1 


3NxS a = v 7 
+ =| d( Xi — Xx7') + (X;;'- ¥,,) | 


l=1 = 








3 1g n—l aa " = _ 
l=1 


If the integration over the coordinates of all the / molecules is carried out 
under the assumption that each of the Z, terms is independent of the relative 
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positions of j and k, there results (consistent with the original postulate of 
binary encounters) 


p 


al -)eu-2 
h== —|(— -1) Qf — Zs 
sot SJ SElGe- 1) eu - 2a 
3x2 yr Syz vy — [kT 
+ ry X' 4; a e 4 ilk dxdydz 


where X,;’, Yx;’, Z:;’ now denote the values of these quantities when the 
average field from the other molecules is acting on both j and k. It is obvious 
that 


7 Fie 

Lei = Lik ° 
Transformation to polar coordinates and integration over the azimuthal angle 
¢ yields, since X,;’ and Y,;’ are obviously independent of ¢. 


2nn _ . bis 

A= ==¥ | felts — Z,;'\e“«"!*Tr? sin Odrdd 
Z\ 

and 


k= Pos cos? @ — 1). 
y3 


It will be seen immediately that the contribution arising from Z,;’ may be 
ignored since it amounts to 
Sarin po Zu; 
v Zz 
a quantity of the order of magnitude of 1/m since Z' =nZ',;. Moreover, it is 
obvious that after the integration over @ 


J 


n-l 
hs sain ( Zz, + 7,»!) 


l=1 
n-1 


Zin differs from Z by a quantity of the order of magnitude of 1/n. Since 
-1 


Z 3x’ =Z,;' the expression for \ becomes, after solving for Z,;: 


2an (7 * £? & 
ik 9 ° 
\=— —-—-¢~ %x°/ kT? sin Odr. 
] a’ 0 1 ai 


When 20/¢° is small relative to unity and only the first two terms are retained 
in the expansion of e~ wit /kT the above expression is closely approximated by™! 


32x? ee 1 A 
J 
45BI 3 BRT 











212 FREDERICK G. KEYES AND JOHN G. KIRKWOOD 


where A and B are the constants of the van der Waal type of equation of 
state and v is the molal volume. The condition that 20/a* be small relative to 
unity is in general fulfilled by non-polar substances. (hydrogen; 29/0? = 0.12). 
For polar substances where 2)9/o° often exceeds unity (ammonia; 29/03 = 
1.6), it is probable that the above expression is still a fair representation of X. 


Note II]. If x?/1—« is expanded and only the first term of the resulting series retained, the 
expression for \ becomes 


2rn ** Do 
> | | Po (3 cos*@ — 1 enw ! sin @d@dr. 
J 0 o r’ 


0 a 
If ewj«’*! is expanded and only the first two terms 


+ a 
kT 
are retained, and further if it is assumed that 
ad 
ue = ——+ 
r® 


one obtains 
lOmpo” x Na 
\ = —— —/[(1 —_— }, 
5 ( r 3R za) 


Since the van der Waal's cohesive pressure constant, A, is given by 


-_ we, ; 79 
r.V? - 0 7 OUjk 2rN7a 
~f ew kT dy = 

a 


? 


3 or jo 


and the volume constant is 


It is found approximately that 
1 32lr°N*po 1 a 
ee 
? 45B 3 BRT 
If the aggregation effect is ignored and one sets e*ik'/*! equal to unity, one has 
_ 2m 3 cos? @ — 1) dr 
=|" f a en Gin ON « 
oe po(3 cos? @ — 1) r 
This integral may be exactly evaluated as 


? 8 4 
= n = [ ax — — + (2x — 2x3) In = 
fe] x- 


where 





wo ftcey”. 


3po/a* 
The quantity remains finite as long as 2po/o7<1. When the logarithm is expanded the first 
term is 
l6rpo?_ n 
1503 V 





which agrees with the previous result. Moreover when po/o’ is in the neighborhood of 0.1, the 
error introduced by neglecting the remaining terms is found to be less than 3 percent represen- 
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tation of \. Even in this case 2p./r* remains small until very small values of r are reached. Thus 
for ammonia 2/9/r3<0.2 when r>2¢. For smaller values of r, the formulation of the integral 
ceases to be exact. Here the intensity of the mutual field of 7 and k becomes so great that an 
electrical saturation sets in and the electric moments of the two molecules are no longer pzopor- 
tional to the field intensity. If in a very rough manner one replaces po by 


1 uZe we 
+ tat (Gr) - sant 
mv IZ. Nir) ~ 3eT 
where L(x) is the Langevin function, it is seen that while 1—« may differ appreciably from 
unity, it never becomes extremely small. Moreover, the effect will produce a corresponding 


diminution in «x? so that it should not strongly affect the magnitude of the factor «?/(1—«) in 
the integrand. 


If one sets \ = A) p where p is the density in moles per cc and designates 
4x Np,/3 by Py, Eq. (15) becomes 


e- 1 tir V po 1 


e+2 3 1 — Aop 


2P,? 1 A 
wet A 
5B 3 BRT 


Equation (18) becomes identical with the Clausius-Mosotti formula only in 
the limit of zero density. When p is small, they may, however, approximate 
each other very closely over a considerable range of density. A calculation of 
Xo for air, nitrogen and hydrogen indicates that the factor 1/1 —Xop gives rise 
to a deviation of less than .05 percent from the Equation (16) at 100 atm. and 
20°C. This is in accord with the experimental results of Tangl* who found no 
measureable deviation from the Clausius-Mosotti law for these substances. 
Measurements of the dielectric constant of carbon dioxide‘ at high densities 
indicate that the Clausius-Mosotti function, («—1/¢+2)z, increases with in- 
creasing density as Eq. (18) demands. However, the rate of increase is about 
twenty times that to be expected from the value of Xo calculated from the 
equation of state constants. It is probable that this gas may not be treated as 
an assembly of molecules of identical polarizability at the temperatures of the 
dielectric constant measurements.'* 








co 


(18) 


where 


Note I\. [Suppose a mixture of several molecular types corresponding to various vibrational 
states of the molecule. It is easy to see that if these various states differed in polarizability, a 
shift in the distribution among them due to a change in density, might well increase the mean 
molecular polarizability in such a manner as to give rise to the observed effect.] 


Measurements of the dielectric constant of ammonia’ yield values of (€—1) 
v/(€+2) which to 30 to 40 atm. follow Eq. (14), with a value of Xo calculated 
from the equation of state constants. In the higher pressure region the slope 
of the experimental curve decreases rapidly and a negative deviation from 


3K. Tangl, Ann. d. Physik 29, 59 (1908). 
‘ F. G. Keyes and J. G. Kirkwood, Phys. Rev. 36, 754 (1930). 
* F. G. Keyes and J. G. Kirkwood, Phys. Rev. 36 (1930). 
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Eq. (14) occurs. This is not surprising since the assumptions underlying the 
whole of the present analysis are highly simplified. 

In the present discussion it has been assumed that the boundaries of the 
dielectric material consist of two planes perpendicular to the direction of an 
homogeneous external field. It seems probable that if the boundary surface of 
the dielectric is of an irregular character, inhomogenity in the average internal 
field will arise and Eq. (18) will no longer be strictly valid. Such considera- 
tions would of course not be of importance at low densities where F is small 
compared to D. Under the latter conditions the simple relation 


is valid regardless of the character of the boundary surface. 

It is a matter of great interest that the observed deviations from the 
Clausius-Mosotti relation at high densities are much lower than Eq. (18) pre- 
dicts. This is not difficult to understand when it is observed that collisions 
involving more than two molecules will decrease the value of \, the measure 
of the contributions of the fluctuations to the average molecular field. In fact, 
barring effects due to quantized vibrations or rotations, the Clausius-Mosotti 
function would be expected, on the basis of the present theory, to approach 
absolute constancy when the molecules were at all instants continuously 
under one another's mutual influence. The dielectric constant data for liquid 
carbon dioxide under various pressures proves the supposition tentatively, 
for the computed Clausius-Mosotti function shows no variation, 


SYMBOLS 


E Mean field intensity. 


Dp 


nN 


Dielectric displacement. 
Number of molecules. 
Dielectric constant. 


€ 

F; Total field (sum of molecular and external fields) acting on a molecule j in a dielec 
tric. 

F,’ Molecular field acting on j. 

Fi’ The component of F;’ arising from a single molecule k. 

F;’ Average value of F;’ over all molecular orientations. 

F,’ Average value of F;’ over all configurations of the centers of gravity of the 
molecules. 

dr Element of configuration space of a single molecule k. 

(x, y, 3] Rectangular coordinate system with origin at center of gravity of the molecule j 


[x’, v’, 3] 


and with ¢ axis parallel to D. 
Rectangular coérdinate system with origin at center of molecule &. 


ers ey The charges constituting the molecule k. 

Xio’ Vio’ 340° Average coordinates of the charge e; when there is a perturbing field. 

fi Elastic constant for linear displacements of e; from its average position in the 
molecule. 

)x' Potential in the interior of the molecule j due to the molecule k. 

r Separation of the centers of gravity of j and k. 

X;, ¥;, Z; Components of F; along the axes of the coérdinate system [x, y, 2]. 


Xj", Yi", 2; 


Components of F,’ along the axes of the codrdinate system [x, y, 2]. 








-—"e 
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Total potential energy of the ensemble of molecules. 
Mutual potential energy of the two molecules j and k. 
That part of U,, dependent only upon the configuration of the centers of gravity 
of jand k. 

The value of U;, when there is no external field. 
Polarizability of a molecule. 

Sum of electronic and atomic polarizabilities. 

Fixed dipole moment of a molecule. 

Distance of closest approach of two molecules. 
Volume of the system. 

Molal volume. 

Molal density. 
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LETTERS TO THE EDITOR 
Prompt publication of brief reports of important discoveries in physics may 


be secured by addressing them to this department. 


Closing dates for this depart- 


ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


Hyperfine Structure and Polarization of Mercury Resonance Radiation 


In a letter to the Editor appearing in the 
November 15th issue of this Review, S. Mro- 
zowski has described certain experiments on 
the polarization of the \2537A resonance ra- 
diation of mercury which he finds ditticulty in 
reconciling with the previous work of Mac- 
Nair and the author.!- We showed that the 
low polarization of this resonance line was due 
to the two outer of its five hyperfine structure 
components, not the —25.4 m.a. component 
alone, as Mrozowski appears to assume. He 
concludes that resonance radiation excited by 
the —25.4m.a. component only should show a 
lower polarization than that excited by the en- 
tire pattern. This he finds is not the case. 
This in itself involves no contradiction, for 
whether excitation by part of the pattern will 
produce a polarization different from that due 
to excitation by the entire pattern depends 
upon whether the relative population of the 
upper hyperfine structure levels is changed. 
For example if all five components originated 
in a single upper level no change would occur. 
Other arrangements might lead to the same 
conclusion, and as the levels are unknown 
there is no essential contradiction here. 

However Olson? showed that this reso- 
nance radiation excited by an arc run on very 
low current might be as high as 86 percent 
polarized instead of the usual 79-80 percent. 
He supposed this change in the polarization 
was due to a change in the relative intensities 
in the h.f.s. pattern, and in fact there appears 
to be no other possibility. Olson also showed 
that the product of mean life into Larmor pre. 
cession frequency did not change. This shows 
that the polarization is not then independent 
of all relative intensity changes and raises the 
question why Mrozowski observed no change 
The writer has carried out these experiments. 

Light from a mercury arc is passed through 

1 Ellett and Mac Nair, Phys. Rev. 31, 180 
(1928). 

? Olson, Phys. Rev. 32, 443 (1928). 


an absorption cell 8 cm long containing mer- 
cury vapor at a pressure of 1.3 107° mm Hg 
(20°C) placed in a magnetic field of 2000 
gausses intensity. The light passing through 
this cell polarized with its electric vector par- 
allel to the field was used to excite resonance 
radiation in Hg vapor. The resonance bulb 
was placed in a magnetic field of 50 gausses 
parallel to the electric vector of the exciting 
light. The resonance radiation so excited 
showed a polarization very much /ess than 
80 percent. This was shown clearly by two 
photographs of the resonance radiation taken 
through a Wollaston prism, one of four mi- 
nutes duration with the absorption cell in 
place as mentioned above, and one of one mi- 
nute with no absorption. In the one minute 
exposure the strong image (E| | HT) was 
stronger than the strong image in the four mi- 
nute exposure, while the weaker image in the 
four minute exposure was stronger than the 
weak image in the one minute picture. No at- 
tempt was made to measure accurately the 
polarization of the resonance radiation so ex- 
cited. It is safe to say that it was not greater 
than 60 percent. 

Precisely similar results were obtained with 
a magnetic field of 50 gausses parallel to the 
exciting light beam. Here the excitation is by 
EH. No attempt was made to excite reso- 
nance radiation in zero field with this filtered 
radiation. In order for such results to be signi- 
ficant the stray field of the magnet used on the 
filter must be very exactly compensated and 
time for this is not at present available. Spec- 
troscopic stability would lead us to expect the 
same polarization in zero field as in a field 
parallel to the electric vector of the exciting 
light, unless such a field produces a Paschen- 
Back effect upon the hyperfinestructure. If this 
were the case such a field should also affect the 
polarization wheretheexcitation is bytheentire 
line, and it is known that this is not the case. 

It may be noted further that resonance 
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radiation excited by the unfiltered light from 
an are polarized with E parallel to a magnetic 
field of 1700 gausses shows all five h.f.s. com- 
ponents. This resonance radiation after pass- 
ing through 7 cm of Hg vapor at 2107 mm 
pressure consists of both the outer h.f.s. com- 
ponents and these very little reduced in in- 
tensity, while the central three are too weak 
to appear in the Lummer plate pattern, which 
seems to require that both outer components 
are shifted by the field, though MacNair ob- 
served a shift of only the short wave-length one. 


Nm 
— 
~! 


On this account I think that the excita- 
tion in the experiments described above was 
by both outer components. | have not been 
able to devise a filter to transmit the —25.4 
m.a. component only, as Mrozowski has done, 
though | have tried fields of various values 
from 1000-3500 gausses. When — 25.2 comes 
through it is accompanied by +22.1. 

A. ELLE! 
Department of Physics, 
University of lowa, 


January 3, 1931. 


Application of the Fermi-Thomas Model to Positive Ions 


Recently, Baker! has attempted to apply 
the Fermi-Thomas method to the calculation 
of positive ions. He gives a general discussion 
of the solutions of Eq. (1) (For notation see 
Baker’s paper) including those which do not 
satisfy the usual boundary condition 7( * ) =0. 
There are solutions of this equation above 
and below that given by Fermi and Thomas, 
and Baker applies the above functions to the 
We be- 


lieve, however, that these functions have no 


physical problem of a positive ion. 


physical meaning, and that one gets the po- 
tential distribution in an ion with the aid of 
the functions below, which intersect the x-axis. 
This can be seen from the following argument : 

One gets the usual Fermi-Thomas equa- 
tion by assuming that every cell in’ phase 
spece for which the energy p*? 2m—ez lies be- 
low a given value /y contains two electrons 
and those with higher energy are empty. The 
value of Fy is then defined by the total num- 
her of electrons. In the case of a neutral atom, 
the necessary value of /y is zero (i.e. equal to 
the potential at r= ~ ) and therefore one never 
introduced it as a parameter. In order to make 
the number of electrons less than Z, one has 
to choose a negative value of /», so that the 


number of electrons per unit volume will be 
given by 
2° *rm o 
a (cv — Ko? ifr < ro 
oh im 
and » OQ,ifr>r 


where ry is defined by evry) = Ay. The function 


1 
Wir) = vr) - ho 


t 
then again satisfies Eq. (1) for values r<ry and 
All =0 


forr>ry. It vanishes at r=ry and is continucus 
together with first and second derivatives. The 
potentia! distribution of a positive ion can 
therefore be obtained from one of the curves 
designated by ¢ <0 in Baker's Fig. 1, up to the 
point where it intersects the x-axis. Beyond 
this point one simply has a Coulomb field. 
EUGEN GUTH 
RUpOLF PELERLS 
Physical Institute E.T.H. 
Zurich, Switzerland. 


December 12, 1930. 


‘é. B. 
(1930), 


Baker, Phys. Rev. (2) 36, 630 


Diffusion of Metallic Vapor in Condensed Spark Discharges 


Recently, Beanis! in a paper on “Spectra in 
referring to the diffusion 
of metallic vapor into the spark gap during 


Spark Discharges, ” 


the process of discharging, remarks: “These 
streamers have been previously observed by 
several experimenters* but whether they are 
jets of luminous vapor or pulses of luminosity !n 
the vapor has not vet been completely settled.” 


' Beams, Phys. Rev. 35, 24 (1939). 
* EE. C.C. Baly, Spectroscopy 2, 153, Long- 
mans (1927), 


The writer? begs to submit two shadow- 
graphs of sparks taken by him at Indiana Uni 
versity in 1926 which suggest at least one mode 
by which this process takes place, namely, that 
of vapor pulses. Referring to the accompany- 
ing figures, both sparks were photographed un 
der the same circuital conditions with the ex 
ception that in the case of Fig. 2 which exhibits 


a spark somewhat older than that of Fig. 1, the 


2 Zinszer, Phys. Rev. 29, 752 (1927); Phil. 
Mag 5, 1098, (1928). 
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retarding capacity of the illuminating gap was 


about 1.4 times as great as that under which 
Fig. 1 was photographed. 


A characteristic of the diffusion as noted 
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in Fig. 2, one that is quite general in a!l of my 
plates, is the inequality of velocity of positive 
and negative diffusion. This is proven by the 
fact that here the diffusion from the negative 
electrode has almost arrived at the center of 
the gap space while that from the positive elec- 
trode is much less mobile. 

Other modes of vapor diffusion as indi- 
cated by my collection of negatives show in 
some cases depending upon the circuital ar- 
rangement a discontinuous diffusion, that is, 
ditfusion in the form of small discrete clouds of 
vapor superimposed on the heated air of the 
“pilot” spark; also a forced diffusion in the 
form of tiny globules of vapor corresponding 
probably to the “jets” mentioned above. A 
more comprehensive discussion of this matter 
will follow later. 

HARVEY A. ZINSZER 

Kansas State Teachers College, Havs, Kans. 


December 23, 1930. 


Positive Ions Emitted by Iron and Copper 


A mass spectrograph study of the positive 
ion emission from Fe and Cu has shown that 
at temperature slightly below the melting 
points of the metals singly charged atoms of Fe 
and Cu are emitted. In both cases the metals 
were supported and heated by a tungsten fila- 
ment. The accompanying curve, Fig. 1, is 
typical of data obtained from Cu and shows 
its two isotopes at atomic weights 63 and 65. 
The Cu used was at least 99.99 percent pure 
and the gas pressure in the mass spectrograph 
was kept at or below 10™° cm Hg. The values 
of the positive ion currents are only relative 
but the values of the atomic weights are abso- 
lute, having been computed from the poten- 
tials and magnetic fields used to accelerate and 
detlect the moving ions, and from the radius of 
the ion path. 

No absolute measurements of the positive 
ion currents from these metals have yet been 
made but the mass spectrograph measure- 
ments indicate that the currents produced at 
temperatures very near the respective melting 
points of these metals are of the order of one 
one-hundredth of the value of the positive ion 
currents of potassium which are produced 
when these metals are first heated. 

In an abstract of a paper to be given by 
11. B. Wahlin at the December meeting of the 
American Physical Society in Cleveland, there 
appears a list of metals which it is claimed 


“vive only alkaline ions.” Among the metals 


thus listed are Fe and Cu. The discrepancy 
between the two reports may be due to a dit- 
ference of sensitivity in current measurements 
or to a difference in the temperatures to which 
the metals were raised. 
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Fig. 1. Positive ion current from Cu 


Preliminary measurements indicate that it 
is possible to obtain positive ions of nickel by 
raising its temperature to a value just below 
its melting point. 

LeRoy L. BARNES 

Cornell University, 

December 24, 1930. 
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Spark Spectrum of Rubidium (Rb II) 


The resonance lines of the first spark spec- 
trum of rubidium have been excited in a_hol- 
low cathode in helium and photographed with 
a 1 m vacuum spectrograph. The excitation in 
helium is only about three volts more than 
sufficient to excite the resonance lines (Sawyer, 
Phys. Rev. 36, 44, 1930) so that all difficulty 
with higher spectra is avoided and only the 
resonance lines appear in the vacuum region. 
The three resonance lines are, 4741.43, v134875, 
Po—S4; \711.17, v140612, po—ds; and 697.04, 
v143404, po—s2 in the Paschen-Meissner nota- 
tion. 

With the separations of the resonance lines 
as a guide, it has been possible to classify a 
large number of lines given by Reinheimmer 
(Reinheimmer, Ann. d. Physik 71, 162, 1923) 
and Otsuka (Otsuka, Zeits. f. Physik 36, 780, 
1926) in the rubidium spark spectrum. The 
energy level scheme given by Reinheimmer is 


correct but incomplete. It is to be interpreted 
as transitions from the 4p°5p levels to the 4p°5s 
and 4p°4d levels. The 4p*5s levels show hyperfine 
structure which led to their identification. The 
p®s and p'd levels overlap as in K II (Bowen, 
Phys. Rev. 31, 494, 1928). 

It is interesting to note that the positions 
of the resonance lines are in good agreement 
with the excitation potential measurements of 
Mohler (Mohler, Phys. Rev. 28, 46, 1926). 
The calculated resonance potentials are 
\741.43, 16.65 volts; 711.17, 17.36 volts; 
697.04, 17.71 volts, while Mohler gave 16.0 + 
0.5 volts. 

GEORGE R. MILLER 
Orro LAPORTE 
Raven A, SAWYER 
Department of Physics, 
University of Michigan, 
December 27, 1930. 


The Optical Spectra of Rhenium 


Although the discovery of rhenium (75 Re) 
was announced! in 1925, and its characteristic 
Réntgen spectra were described? several years 
ago, I am not aware that any details con- 
cerning its optical spectra have been pub- 
lished. The arc and spark emission spectra of 
rhenium have recently been photographed in 
the interval 2300—-8000A with the large con- 
cave grating at the Bureau of Standards. A 





sharp division between lines characterizing 
neutral atoms and those belonging to ionized 
atoms has been made, and preliminary values 
of wave-lengths and relative intensities have 
been obtained. The spectra are of consider- 
able complexity and it appears that the ma- 
jority of lines have hyperfine structure. A 
partial list of principal lines of the Re I spec- 
trum is as follows: 


Wave-number 














Wave-length Intensity Combination 
3424.6 40 c 29192 .2 
3451.9 50 c 28961 .3 a®S); —b® Py, 
3460.5 200 c 28889 .3 a®S2\ — D°P3) 
3464.7 100 c 28854 .3 a®S2; —b®P 2; 
4133.4 40 c 24186.4 
4136.46 50 24168 .5 
4227.4 100 c 23648 .6 
4394.4 40 c 22749.9 
4513.3 200 c 22150.5 
4522.70 50 22104.5 
4791.4 50 c 20864 .9 
4889 .2 500 c 20447 .6 a®S 33 —a®P3} 
4923.92 60 20303 .4 
5271.0 100 c 189606.5 a®S2; —a® Py} 
5275.6 200 c 18946 .3 a®S2; —a®P2; 
5834.31 80 17135.2 
6307 .7 40 c 15849 .3 b§ P23 —2° S21 
6321.9 60 ¢ 15813.7 b§ P33 —2° Spy 
6350.7 20 c 15742.0 





The lines marked c are complex and have 
from 2 to 6 or more components; for such lines 
the mean wave-length of the group is here 


bP y4 —2°S2) 





rounded off to the nearest 0.1A. The com- 
ponents of the widest lines extend over an in- 
terval of about 2 wave-number units; for some 
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the intervals and intensities diminish toward 
the red and for others to the violet. The hy- 
perfine structure of many of the lines has been 
resolved; 4889.2A has 6 components, 3460.5 
has 6 also while 3451.9A has 4 and 34604.7A 
has 3. 

The strongest line in the Re spectrum is 
4889.24; it is undoubtedly the raze ultime for 
the spectro-chemical identification of rhenium. 
This blue line and the green ones at 5271.0 and 
5275.0A are the most brilliant lines in the 
visible spectrum. The ultraviolet lines at 
3451.9, 3400.5 and 3464.7A are also very in- 
tense and persistent. 


An analysis of the spectrum is in progress; 


it appears that the normal state is represented 
by a sextet S term, (5d°6s*) ®S.;. Both a®P® 
and }®P® violate the interval rule but the 
relative intensities and the hyperfine struc- 
ture of combinations indicate that the levels 
are correctly identified. 
Wittiam F. MEGGERS 
Bureau of Standards, 
December 23, 1930. 


1 Noddack and Tacke, Sitzb. Preuss. Akad. 
Wiss., 1925, 400 (1925). 

2 Berg and Tacke, Sitzb. Preuss. Akad 
Wiss., 1925, 405 (1925); Beuthe, Zeits. f. Phy- 
sik. 46, 873 (1926); 50, 762 (1928). 


Note on the Heat Capacity of Gases at Low Pressure 


In a paper by the writers that appeared 
in the program for the Chicago meeting on 
November 28 and 29, 1930, the results of cal- 
culations on various physical properties of 
compressed nitrogen were given. These physi- 
cal properties are the specific volume, density, 
fugacity, —(p/v) (dv/dp)7, (1/7) (dv dT),, 
Cy— Cor, Cp, Cr, and p, all calculated at twelve 
temperatures and fourteen pressures between 
—70° and 600°C and between 20 and 1200 
atm, mainly from the compressibility data 
taken by E. P. Bartlett and his collaborators. 
The calculations were made possible by a sen- 
sitive graphical scheme for determining de- 
rivatives, which will be described in a com- 
plete article that will appear soon. At this 
time we wish to discuss one of the conclusions 
that was published in the abstract of the pa- 
per, viz. the one that says that the power series 
expressing C, along an isotherm at pressures 
not too high must be of the form 


Cp = Cp* + bp? +cpi+---. 


These calculations of the change in heat 
capacity with pressure along an isotherm de- 
pend on the evaluation of — T(d*v/dT*), along 
that isotherm, through the thermodynamic 
relation — 7(d*v/dT*)p=(dC,/dp)r. Experi- 
mental data below 20 atm throughout this 
temperature range are lacking and it is there- 
fore impossible to decide definitely from them 
just what course the — 7(d*v/dT*)» vs. p iso- 
therms should follow as p approaches zero. 
At first we thought our determinations of the 
second derivative indicated that — T(d*v/ 
dT?),—0 as p—0 for at least some of the tem- 
peratures. However, Dr. P. H. Emmett of 
this laboratory, and Professor Beattie of the 


Massachusetts Institute of Technology, have 
pointed out to us that our curves do not defi- 
nitely prove this. We wish to discuss the 
consequences of the course of these curves in 
the region of zero pressure. 

Since most of the direct calorimetric meas- 
urements of Cp have been made at 1 atm, it 
is necessary that the — 7(d*z dT), vs. p iso- 
therms be extended below 20 atm to 1 atm. 
We have no experimental points in this re- 
gion, but Professor Beattie has kindly showed 
us that here an equation of state can perform 
a great service. This is true if it actually 
takes account of physical phenomena, for 
then, by using in it parameters determined by 
compressibility data from (say) 20 to 100 atm, 
extrapolation to low pressures can probably 
be accomplished. Jt seems likely that the van 
der Waals’ pressure and the tendency toward 
association should exist clear down to the 
lowest pressures where they may be identi- 
fied as Ao 7? and ¢c 77* in the Beattie-Bridge- 
man formula, which gives 


— 1 (d*v/dT2)p=2Ao/RT2+12c/RT* when p=0. 


This does not vanish at finite temperatures 
unless Ao and ¢ are both zero, or unless the 
exponents of v in Ao/v® and c/vT* are both 
changed and made greater than 2 and 1 re- 
spectively. The van der Waals’ and Callendar 
equations of state, and possibly many others, 
likewise give expressions for —T7(d*%v/dT*), 
that are not zero. 

Accepting the implications of these equa- 
tions of state, (dC,/dp)y #0 when p=0, and 
the first power of p in the above series for C, 
would be present; C,* would then be the heat 
capacity at zero pressure. If (dC,/dp),—0 as 








| 
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p—0, the first power of p would be absent and 
C,* would then be sufficiently defined as the 
heat capacity at very low pressure, that is, 
there would exist some low pressure beyond 
which further expansion is not accompanied 
by a comparable change in Cp. 

The two ideas are different in principle; 
in the former case there is a property of the 
gas that is realized only at complete zero pres- 
sure; in the latter case the property is realized 
at some sufficiently low pressure. Apparatus 
for compressibility or direct calorimetric meas- 
urements at low pressures might be devised to 
settle this matter experimentally. 

It should be noted that for the calcula- 
tions of the physical properties mentioned 
above, it is not essential to decide between 
these two points of view, because the area un- 
der a —T(d*v/dT*), vs. p isotherm from p=1 


i) 
Nm 
— 


to p=20, 40, 60,....atm. is not much af- 
fected by its course in the region of a few at- 
mospheres pressure. Our calculations were 
first made assuming (dC,/dp)p—0 as p-—0, 
and were then repeated using the intercept 
at most temperatures as given by the Beattie- 
Bridgeman formula, and the two sets do not 
differ by more than a few hundredths of a 
calorie/mole degree, which is well below the 
probable error of any calorimetric measure- 
ment. 
The calculations on nitrogen will appear 
shortly. 
W. Epwarps DEMING 
Loa E, Suure 
Bureau of Chemistry and Soils, 
U.S. Department of Agziculture, 
Washington, D. C., 
December 26, 1930. 


The Entropy of Hydrogen 


The writer (Proc. Nat. Acad. 15,678 (1929)) 
calculated the exact value for the entropy 
of hydrogen at 298°KK by quantum statistics 
using the partition function with intercom- 
bination of odd and even states. Previous 
to this, Fowler (Proc, Roy, Soc. 118A, 52 
(1928)) and Giauque and Johnston (J. Am. 
Chem. Soc. 50, 3221 (1928)) had discussed 
the entropy of hydrogen. Fowler neither made 
himself clear nor, apparently, reached the 
right conclusion. Giauque and Johnston did 
not state the exact numerical value to be 
expected for the entropy of hydrogen, but dis- 
cussed the method by which the entropy 
should be calculated. The writer regrets that 
he misunderstood their proposed method of 
calculation, and assumed that it would lead 
to a value differing from the one he had ob- 
tained. Ina recent note (Phys. Rev. 36, 1592 
(1930)) they have pointed out that it leads 
to the same result. Since we are in agreement 
thereneed be nofurther discussion on this point. 

The writer expects to discuss elsewhere the 
conditions under which the entropy of matter 
in a metastable state can be calculated by sta- 
tistics, but there should be no confusionon this 
point. 

Giauque and Johnston are entirely cor- 
rect of course in saying that the entropy of 
hydrogen can be calculated without reference 
to a possible equilibrium between hydrogen 
and helium. We can define arbitrarily the 
entropy of any metastable state of a sub- 
stance, e.g.; monoclinic sulfur. As soon as we 


do this the entropy of every other state of the 
substance which can be reached by a reversi- 
ble transformation is defined. The difficulty 
with the analogy between a mixture of hydro- 
gen and helium and a mixture of the two kinds 
of hydrogen is that ortho and para-hydrogen 
do transform into each other and that the 
equilibrium will be attained, if the writer is 
correctly informed, in any ordinary chemical 
reaction involving hydrogen. The only en- 
tropy that can have significance for chemical 
equilibrium therefore is the entropy of the 
equilibrium mixture. The non-equilibrium 
mixture of hydrogen at low temperatures is 
not a pure substance and yet its entropy must 
be calculated as a pure substance to have any 
meaning. 

Two other points require brief comment, It 
is certainly not consistent with the current 
idea of a molecule in chemistry or physics, to 
say that there are ten varieties of molecules in 
hydrogen. There are at most two varieties of 
molecules. Also the choice of a value of 31.23 
E.U. for the entropy of hydrogen seems hard 
to justify since it is neither a theoretical value 
nor as yet an experimental value. On the 
other hand it is entirely probable that the 
value of 33.98 E.U. can be verified experi- 
mentally if the heat data are obtained on 
hydrogen with a suitable catalyst present. 

W. H. RopesusH 

Chemistry Department, 

University of Illinois, 
December 26, 1930. 
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ERRATUM 


MAGNETIC SUSCEPTIBILITY OF GASES. 


Part I, PresstreE DEPENDENCE 


By Francis BITTER 


Phys. Rev. 36, 1572, 1930) 


On page 1572 of the above mentioned paper 

a gas mixture is discussed whose composition 
is given as 89° COo+11°% Ov. This is ob- 
viously an error in transcription, and should 
read 98.9°% CO.+1.1°% Ov. That this is so 
follows from the fact that, as stated, the con- 
centration of the mixture was calculated from 
the ratio of the susceptibility of the mixture to 
that of pure CO:. This ratio is given as —0.83. 
If a represents the fraction by volume of O, in 
the mixture, the following relation must be 
satisfied 

(1—a)Kco,+aKo, 

— ioncnentineitinenas — 83 


Kco, 


and substituting Kceo,=—8.3X10-" and 
Ko, =0.14 X10~* this gives for @ 1.1X10~°. 


In all references to this CO. —QO. mixture, the 
O2 content should consequently be divided by 
10. 

The experiment involving this mixture was 
undertaken to repeat observations made by 
Glaser, and the intention was to produce a 
mixture containing about 1° % of Os, as was 
actually done. | wish to express my indebted- 
ness to H. Buchner! for calling my attention 
to the above error. 

FRANCIS BITTER 

Westinghouse Research Laboratories 

East Pittsburgh, Pa. 


January 9, 


1H. Buchner, Ann. d. Physik. 7, 728(1930) 
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BOOK REVIEWS 


Sammlung Géschen: Nr. 698, Algemeine und Physikalische Chemie, Zweiter Teil; von 
PROFESSOR Dr. HuGo KavFFMANN. Nr. 804, Grundbegriffe der Chemie, von Dr. E. Ranino- 
witscH. Published by Walter de Gruyter and Company, Berlin and Leipzig, 1930. Price R.M 
geb. 1.80 each. 

These volumes of the Sammlung Gischen present in a brief but clear manner the funda- 
mental ideas and principles of the subjects which they cover. The volume on “Algemeine und 
physikalische Chemie” covers the following subjects in 145 pages. (1) Chemical Constitution(2) 
Thermochemistry (3) Electrochemistry (4) Photochemistry (5) The Properties of Atoms (a) 
atoms and electrons (b) radioactivity. The little volume on “Grundbegriffe der Chemie” has 148 
pages of subject matter divided into two parts. In the first section the elements and chemical 
compounds are discussed under the headings (a) Constitution, Kind and State of Matter (b) 
Structure of Matter. Section two is devoted to chemical reactions. Here are discussed reactions 
and their symbolic representation, heats of reaction and chemical equilibrium. While the con- 
sideration of the subject matter must necessarily be brief, the material is correctly and carefully 
presented. Students in other fields of science should find these volumes especially useful in giv- 
ing them a brief but clear picture of the field of theoretical chemistry. Students of chemistry 
wishing to review the subjects will also find these volumes very satisfactory. 

L. H. REYERSON 


The Theory cf The Potential. W. D. MacMittan. Pp. xiii+469. Figs. 112. McGraw- 
Hill Book Co., New York, 1930. Price $5.00. 

A short chapter on the calculation of the force of attraction between finite bodies of con- 
stant density and simple form is followed by a longer chapter on the Newtonian potential func- 
tion. Next comes a chapter on vector fields, in which the theorems of Green, Gauss, and Stokes 
and Poisson's equation are developed. Chapter IV deals with the attraction of surfaces and 
lines with particular attention to cases where the attraction is not well-defined. This is followed 
by a chapter on surface distributions of matter in which Green’s problem is developed, and 
one on two-layer surfaces such as are involved in electrostatics and magnetostatics. The last 
two chapters are on spherical harmonics and ellipsoidal harmonics. A brief bibliography and 
index close the book. A few problems, more of a mathematical than of a physical nature, are 
placed at the end of most of the chapters. 

Scalar notation is employed throughout, and the potential is taken with the opposite sign 
to the potential energy in the major part of the text. While this question of sign may not be of 
much importance in gravitational theory, the confusion necessitated by the change of sign when 
two-layer surfaces are treated could easily be avoided if the potential were always taken with 
the same sign as the potential energy, as is the general usage in electrostatics and magnetosta- 
tics. 

The subject is clearly and logically developed, and only a reasonable amount of mathemat- 
ical preparation is required of the reader. The book is excellently printed and very free from 
printer’s errors. 

Leicu Pace 


Mechanics for Students of Physics and Engineering. HENRY CREW ANb K. K. Satu. Pp. 
xvi+371. 215 figures. Macmillan Co., New York, 1930, Price $4.00. 

Although an outgrowth of the senior author’s “Principles of Mechanics,” published a quar- 
ter of a century ago and for some time out of print, this text is more than a revision of the earlier 
work. Not only is the arrangement new, but chapters on statics and wave motion have been 
added, and the historical setting, which the senior author is so skillful in portraying, has been 
given a more prominent position than before. 
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By beginning with statics and its applications, the authors are able to defer the use of the 
calculus until a quarter of the text has been covered. This makes the book especially suitable 
for use with elementary students who are starting calculus and mechanics at the same time. The 
authors point out the value of vector methods at the very beginning, and introduce the vector 
product as soon as they have occasion to deal with torques. This simplifies the analysis and 
puts the emphasis where it belongs, that is, on the physical concepts involved instead of upon 
the auxiliary mathematical methods required for solution. 

Statics is followed by kinematics and kinetics, particular emphasis being laid on the paral- 
lelism of the dynamics of translation and that of rotation. The concepts of force and mass are 
analysed more carefully than is customary in elementary texts, a careful distinction being 
drawn between gravitational and dynamical mass. The applications chosen to illustrate the 
mechanical principles presented have been most happily chosen, as regards both the stimula- 
tion of the reader’s interest and the exemplification of the particular point under discussion, 
Kinetics is followed by chapters on friction, properties of elastic bodies, hvdro-mechanics, and 
wave motion. 

The historical rather than the logical method of approach has been followed in the main. 
While this method of treatment may be subject to criticism in a more advanced text, it doubt- 
less possesses pedagogical advantages in an elementary book. Unquestionably the historical 
atmosphere which pervades the whole of the treatment is a source of much added interest, par- 
ticularly to the student who does not intend to specialize in physics. 


LEIGH PAGE 
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PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY 
MINUTES OF THE Los ANGELES MEETING, DECEMBER 12-13, 1930 


The 167th regular meeting of the American Physical Society was held in 
Rooms 29 and 137 of the Physics-Biology Building of the University of Cali- 
fornia at Los Angeles, jointly with the Acoustical Society of America, on 
Friday, December 12th and Saturday, December 13th, 1930. The meeting 
was called to order by the local secretary of the Pacific Coast at 10:15 on 
Friday morning. On vote of the members of the Society Professor S. J. Bar- 
nett, chairman of the Physics Department, University of California at Los 
Angeles, presided. 

The morning session was devoted to papers on spectroscopy, while the 
afternoon session consisted of a joint session of the Acoustical Society of 
America and the American Physical Society dealing with problems of mutual 
interest. On Saturday morning the program of the Physical Society was con- 
tinued, dealing largely with topics of general interest exclusive of spectro- 
scopic and mathematical-physical subjects. On Saturday afternoon at four 
o'clock the meetings resumed for the presentation of papers on mathematical- 
physical subjects and on x-rays. The meetings adjourned at 5:30. 

The members of the Acoustical and Physical Societies attended a joint 
luncheon on Friday noon in the Y.\W.C.A. building of the University of Cali- 
fornia at Los Angeles. There was a subscription dinner on Friday evening 
for both societies at the Beverley Hills Hotel. At noon Saturday the mem- 
bers of both societies were entertained at a luncheon given by the members 
of the Acoustical Society of America resident in Los Angeles, which had been 
kindly arranged by Professor Vern Knudsen, the luncheon being given at 
the Hotel Roosevelt. 

There were some sixty members of the American Physical Society in at- 
tendance, covering representatives from the Pacific Coast as far north as 
Oregon. 

As there were no questions of importance to come before the society at 
this time the meeting adjourned without holding a business session. 

The regular scientific session consisted of thirty-one papers. The ab- 
stracts of these papers are given in the following pages. An Author Index 
will be found at the end. 


LEONARD B. LOEB 
Local Secretary for the Pacific Coast 
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ABSTRACTS 


1. Optical constants of CS,-gasoline mixtures, at approximately 20°C, over the whole con- 
centration range. L.E. Dopp, University of California at Los Angeles.—Optical constants, par- 
ticularly mp and dispersion values, are obtained with a refractometer of the Abbé type, having 
heatable prisms. The gasoline used is of the commercial type, and the CS: is commercial. 


2. Metastable molecules and active nitrogen. JoserH Kaptan. University of California 
at Los Angeles —Strong uncondensed discharges through mixtures of nitrogen and mercury 
vapour at pressures of about 5 cm, yielded spectra of the first positive group of nitrogen with 
intensity distribution remarkably similar to that observed in the nitrogen afterglow. The 
bands originating on the B; and Bg levels were strongly enhanced whereas in active nitrogen 
the bands arising on Be, Byo, By, and By are the unusually intense ones. The ditference Co—Ao 
in nitrogen is almost equal to the energy of the mercury atom in the 2°P, level and the difference 
Co—A1 equals the energy of the 2°P» state of mercury. Thus collisions of the second kind 
between nitrogen molecules in the Co or C; levels (which are plentiful in the discharge) and Hg 
atoms, would account for a high concentration of metastable nitrogen molecules in the -1lo 
and .1; levels. A second method for producing metastable molecules in these levels arises from 
the fact that the X13 and X49 levels of N2 agree almost exactly with the 2°Po and 2°P, levels of 
Hg. An accumulation of nitrogen molecules in these levels would yield a large number of 
metastable Nz molecules and nitrogen atoms in the electric discharge. The relationship of this 
experiment to the auroral spectrum is discussed. 


3. The ultraviolet band system of sulfur monoxide, a *=—>** transition. EmMer V. Mar- 
TIN AND F. A. JENKINS, University of California.—The SO bands discovered by Henri (Jour. 
Phys. Rad. 10, 81, (1929)) in the region \A2500-3500 have been photographed in the first order 
of the 15-foot Rowland grating. The source was a quartz discharge tube containing SO, at 
30 mm pressure, actuated by a condensed discharge with spark gap and inductance. The 
spectrum appears to be closely analogous to the Schumann-Runge system of O, (Holtgreven 
and Dieke, Ann. d. Physik 3, 937, (1929)). The characteristic structure found there for a 
35— DY transition is clearly shown in the SO bands. Thus each band contains only P and R 
branches, in each of which the lines split into narrow doublets with increasing K. The short- 
wave component is stronger (in contrast to O2) and at the highest K values this in turn splits 
in two, giving clearly resolved triplets. The components of these are of equal intensity and 
correspond to the triplet levels J=K+1, K, and K—1. This structure is best shown in the 
bands with v’ =0. In the v’ =1 progression, the P and R branches are usually almost superposed, 
and irregularities are present which must be ascribed to a number of small perturbations in the 
rotational levels of the upper state. 


4. Zeeman effect of the hyperfine structure in thallium II and III. R. F. BacHER 
(National Research Fellow), California Institute of Technology.—The positions and intensities 
of the Zeeman components of lines which have hyperfine structure can be calculated for inter- 
mediate field strengths. This has been done for several of the lines of the first and second spark 
spectra of thallium which have recently been studied experimentally by McLennan and Durn- 
ford. (Roy. Soc. Proc. A129, 48, (1930)) The line (6s7s *S,;—6s7p *P2) 45949 of T1 II and the 
line (7s 2Si—7p *Py 12) 44110 of Tl III have been studied particularly. For field strengths 
between 20 and 25 kilogauss the former shows an intermediate type of Zeeman effect while the 
latter shows an incomplete Paschen-Back effect. A comparison shows that there is agreement 
between the calculated results and experiment, although the observed patterns do not seem to 
be completely resolved. 


5. Preliminary report on an investigation of the spectrum of columbium. Artuur S. KING, 
Mount Wilson Observatory AND WILLIAM F. MEGGERs, Bureau of Standards.—Analyses of the 
structures of the very rich spectra of neutral and ionized columbium, although partly successful 
(Meggers, Jour. Washington Academy of Science 14, 442, (1924) Meggers and Kiess, J.0.S.A. 
and R.S.I. 12, 431, (1926)), could not be extended without new descriptive data and improved 
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wave-lengths. A comparison of the furnace spectrum with the arc and spark spectra has there- 
fore been made, and has resulted in the temperature classification of 650 of the stronger 
lines. The wave-lengths of more than 4000 lines have been measured in the arc and spark 
spectra from 2640 to 6900. Tested by “constant differences” between wave-numbers, 
the average error appears to be less than one part per million, or about 1/10 of the tolerance 
on values heretofore available. A feature of special interest is the large proportion of colum- 
bium lines showing hyperfine structure. Such lines are plentiful in the spectra of both neutral 
and ionized columbium, and are not confined to groups requiring high excitation. Much variety 
in width of patterns is found. While some lines are more than one wave-number in width, 
the components are so closely spaced that high resolution will be required for a study of 
their structure. 


6. New data on the absorption bands of atmospheric oxygen. H. D. Bascock AND 
W. P. HoGe, Mount Wilson Observatory.—F rom numerous new spectrograms and further meas- 
urements of earlier plates, revised wave-lengths are derived for 382 oxygen band lines. Signifi- 
cant differences from previous Mount Wilson results occur only for lines most difficult to 
measure. Principal lines in the A band, strong in solar spectrum, were observed with inter- 
ferometers as fine sharp lines in 30 meters of air. Solar grating spectra of dispersion ranging 
from 0.8 to 0.12A per mm and resolving power 200,000 to 400,000 were used for other bands. 
Due to the variety of instrumental equipment available and amount of measurement done, 
observational errors were reduced to approximately 0.001A for the best material. Improved 
resolution has thus been obtained and band structure extended to higher rotational states. 
Accurate wave-lengths are determined for 241 lines in 5 bands of OO", 116 lines in 2 bands of 
O-O}8, and 25 lines in 1 band of O'-O"”, For the A band our results differ from those of 
Badger and Mecke by amounts far exceeding our observational errors. Following a rigorous 
theoretical study of the isotope effect in band spectra by Birge, a full discussion of the new 
data will appear in a joint paper giving precise relative masses of O" and O*, 


7. Precision determination of atomic mass ratios from band spectra. RayMonpD T. BIRGF, 
University of California.—With sufficiently extensive data available, it is preferable to calculate 
directly the band constants of two isotopic molecules (such as O*-O"* and O'8- O"*), rather than 
to use the customary method of calculating each line of O'8-O" from the observed constants of 
O%-O%, Each pair of constants involves p to some power, and mass,g=massy/(2p?—1). Two 
important relations are w.'=pw, (vibrational isotope effect), and B,‘=p*B, (rotational effect). 
These relations should be theoretically correct to the extent that the electric field is identical 
for the two molecules (as indicated by the proportional size of the electronic isotope effect). 
Other relations such as a,’ =p*a,., and x,.'=px, should be correct only to the extent that the old 
mechanics is true (as contrasted with the new mechanics). An independent calculation of a,* 
(or of a.) requires data from two bands, and x,‘ (or x.) requires three bands. These constants 
(a, and x,) are needed for the extrapolation to B, and w, from the observed B, and w». A 
precision method for calculating B, has been published, and a similar method for obtaining 
w,» is now devised. This method is being applied to new data on oxygen obtained by Babcock 
and Hoge. 


8. The rotational Raman effect in carbon dioxide. \W.\. Houston anv C. M. Lewis, 
California Institute of Technology.—By the use of a large, water-cooled mercury arc, and a highly 
polished reflector, we have been able to reduce the exposure time necessary to secure a spectrum 
of the light scattered by gases. This has made it possible to use a large spectrograph and to 
resolve the rotational Raman band of carbon dioxide. The results indicate that, for rotation 
about an axis perpendicular to the line joining the two oxygen atoms, the spectrum is similar 
to that of Os, and indicates a moment of inertia of about 7X10~-**. The rotational quantum 
number jumps by two units, which shows that there are no Q branches in the transitions from 
the ground state to the upper electronic state which is active in producing the Raman spectrum. 
Alternate lines are very weak, and it seems probable that they are missing altogether. There 
is a slight indication of another very much smaller moment of inertia. 
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9. A determination of ¢/m from the Zeeman effect. J]. S. CAMPBELL AND W. V. Houston, 
California Institute of Technology.—Values of e/m have been obtained from the Zeeman separa- 
tions of the Cd line \6439 and the Zn line \6362. Magnetic fields up to 7500 gauss are produced 
in a solenoid giving less than 0.1% departure from uniform field strength over a length of 6 cm 
at the center. The current-field ratio of the solenoid is evaluated by balancing its field against 
those of single layer standard solenoids. Evaporation of Zn and Cd in the short (6 cm) positive 
column of a helium discharge at the center of the solenoid gives the desired lines, the Zeeman 
patterns of which are photographed with a Fabry-Perot interferometer crossed by a prism 
spectrograph. Measurement of the separations at orders of interference in the neighborhood 
of 100,000 gives the following values of e/m: Zn 6362, seven exposures: 1.7577 107 e.m. 
units per gram with a mean deviation of +0.0005. Cd \6439, eleven exposures: 1.7573 107 
with the mean deviation +0.0015. 


10. Emission and absorption spectra of CaF. A. Harvey (Commonwealth Fund Fellow 
University of California.—High dispersion spectrograms of these bands have been studied for 
the purpose of (1) searching for possible evidence of the isotopes of Ca, (2) interpreting the ap- 
pearance of the two visible systems in terms of the known structure types of “II? and 
*¥—*Y transitions. The observed heads and their intensity distribution have been accounted 
for in detail in terms of the above transitions, by an approximate evaluation of the molecular 
constants. Due to the near equality of these constants in the upper and lower states, the heads 
are in general formed at very high J values. This results in two important modifications in 
passing from emission to absorption. (1) Certain heads disappear, or are greatly weakened, 
due to the lower temperature; (2) the intensity maximum in a sequence is shifted toward 
earlier members. The remarkable appearance of the 7X‘)? sequence in absorption is a 
natural consequence of these factors, as are also the presence of only one set of heads in the 
211g? V2 sequence, and of a new set—shaded toward the red—in *Ihj.°°*P 2S), which 
had previously been thought to be absent. Support for these conclusions has been found in a 
study of the analogous SrF spectrum. 


11. An apparatus for the evaporation of various materials in vacuo. JOHN STRONG AND 
C. HawLey Cartwricat, California Institute of Technology —The evaporation process is much 
easier and requires less time than sputtering and permits the deposition of many more mate- 
rials. Moreover, the thickness of the deposited film can be brought under more delicate control. 
The method is useful for making fine reflecting mirrors of many metals and these can be pro- 
tected from tarnishing by depositing onto them an extremely thin transparent film of some 
non-metal such as quartz. Charcoal cooled with liquid air was satisfactory for maintaining 
the necessary high vacuum. The metallic elements deposited were Al, Sb, Be, Bi, Ca, Cr, Co, 
Cu, Au, Fe, Pb, Mg, Mn, Ni, Se, Ag, Te Sn, and Zn. Some alloys may be deposited, such as 
speculum metal. Some non-metals deposited were quartz, fluorite, the alkali halides, and silver 
chloride. These materials may be deposited on any surface that is not affected by the high 
vacuum, such as glass, metal, paper, cloth, rubber, and nitrocellulose. 


12. Effects of phase and time shifts on binaural sensation of direction. A. W. Nye AND 
A. K. STEUNENBERG, University of Southern California.—Experiments were made to test the 
effect of phase and time shifts of pure tones on the binaural sensation of direction. Separately 
generated tones were led to two ears via independent telephone receivers. Sources consisted 
of a metal disk rotated by a variable speed motor. Periphery was cut in sine wave and located 
in front of slits through which light passed to photoelectric cells and associated amplifiers. 
Two slits were used, one being adjustable so that any desired location with respect to the 
phase of the sine wave could be obtained. Means for interrupting the two light beams in- 
dependently were provided. Between 180 dv and 725 dv, 27 observers consistently judged 
direction as that of the leading phase, with tendency toward greater angle shift at higher 
frequencies. Interrupted tones gave effect of sound origin on side where sound first arrived. 
Phase shift exaggerated this if in same direction; if opposed, the temporal ruled first and effect 
shifted later in favor of phase. 
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13. On the measurement of galvanometer or radiometer deflections which are ordinarily 
masked by Brownian movement. SincLair SmitH, Mount Wilson Observatory.—U nder certain 
conditions the following technique enables one to measure galvanometer or radiometer de- 
flections which are small compared to the mean amplitude due to Brownian motion. A beam 
of light from the instrument mirror is brought to a focus on a photographic film and the in- 
tensity of the light is reduced to such a value that a relatively long time interval, At, is required 
to record the image on the film. Aft should be several times the average “period” of the Brownian 
excursions. 

When a measurement is made, the instrument is set at the zero position and the recording 
lamp is turned on for a time At. The “effect” is then allowed to act, the photographic film is 
given a displacement, and when the instrument has had time to reach full deflection, the light 
is again turned on for a time At. The actual deflection is determined later on a comparator. 
If the damping factor of the instrument, and At are properly chosen, and the instrument is 
free from drift, the photographic image builds up in such a way that it has a sharp maximum 
making possible excellent comparator settings. 


14. Ionization of helium, neon, and argon by alkali positive ions. RicHarp M. Sutton 
AND J. CARLIisLE Movuzon, California Institute of Technology.—A more extensive investigation 
of the ionizing properties of several positive ions from Kunsman sources has been carried 
forward by a method previously reported (Phys. Rev. 33, 364, (1929) and 35, 694, (1930)). 
Evidence of ionization of the three lighter noble gases by alkali positive ions from lithium to 
caesium has been found, setting in at accelerating potentials in the neighborhood of 150 volts 
and increasing steadily to the highest potential used, 750 volts. Comparison of the relative 
efficiencies of the process indicates that, for a particular gas, ionization is produced most 
intensely by that alkali ion which lies closest to the gas in atomic number; i.e., Li* ions in 
helium, Na* ions in neon, and K* ions in argon. Moreover, the maximum of ionization 
increases markedly with the atomic weight of gas used, being greatest for argon. Similar results 
have been determined by Dr. Otto Beeck, (Ann. d. Physik 6, 1001 (1930)) using a magnetic 
analysis method well adapted to the purpose. Experiments are now in progress to determine 
whether mass or electron configuration plays the predominating part in the process. Neither 
energy nor velocity of the positive ions, or ballistic transfer considerations appear sufficient at 
present to account for the striking results obtained. 


15. Nuclear scattering of high velocity electrons. H. Vicror NEHER, California Institute 
of Technology.—A homogeneous beam of fast electrons, two millimeters in diameter and equal 
to a current of 1.5 (10~*) amperes, is allowed to fall normally upon a thin foil. The thickness of 
the foil is such that single scattering predominates in the angular range through which the 
scattered electrons are collected. Secondary electrons up to one-fourth the voltage of the pri- 
mary beam are eliminated by interposing an absorbing foil of known stopping power which 
allows 98-99% of the electrons scattered by nuclei to pass through. The majority of the 
secondary electrons from the interposed foil on the collector side are stopped by a retarding 
potential of 1500 volts. Scattering is obtained as a function of various angles between which 
the electrons are collected, thickness of foil and voltage of the primary beam. A range of 
voltage from 45 to 145 K.V. is used. Results show that for aluminum, the absolute value 
for scattering is from 25 to 50% lower than that obtained by previous workers in this field, and 
from 20 to 30% higher than the predicted value of wave mechanics with spin and relativity 
corrections. The large experimental value may be due to radiative effects, which would tend 
to increase the scattering at larger angles and which have not been incorporated into the 
theories of scattering to date. 


16. The probability law governing ionization by electron impact in mercury vapor. 
Curtis R. Haupt (Introduced by Ernest O. Lawrence) University of California.—In order 
to detect any fine structure in the ionization probability function, such as that observed by 
Lawrence in mercury vapor, it is necessary to employ electron beams of a high degree of 
homogeneity. The method of magnetic separation, with Faraday cylinder type of ionization 
chamber used by Lawrence is open to the objection that magnetic orientation of the atoms or 
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spurious effects arising from electron reflection at the walls of the ionizing chamber might 
account for the results. With an electron gun type of ionization tube which eliminated the 
above sources of error, and which permitted realization of a rather high degree of homogeneity 
in the electron beam, the ultra-ionization potentials discovered by Lawrence were com- 
pletely checked. In addition, his probability law was verified to within the limits of experi- 
mental error and new ionization potentials in the mercury atom were found at 12.3; 12.45; 
12.85 and 13.2 volts. On account of striking numerical agreements with spectroscopic data, 
it is suggested that these new critical potentials are connected with the ionization of metast- 
able mercury atoms. This suggestion is supported by the current-voltage characteristics of 
the tube itself. 


17. Photoelectric properties of atomic layers of potassium on a silver surface. JAimes J. 
Brapy, University of California, (Introduced by Ernest O. Lawrence).—In this work atomic 
layers of potassium were deposited on a silvered glass surface which was maintained at liquid 
air temperature. By means of a specially designed vacuum tube a well defined beam of potas- 
sium atoms could be obtained. The film thickness was determined from the vapor pressure of 
the heated potassium and the length of time taken for the deposit. The pressure, in turn, was 
determined from the table given by H. Rowe (Phil. Mag. 3, 540 (1927)); the temperature of the 
heated potassium being determined by means of a thermocouple. Spectral distribution curves 
were taken for various thicknesses of film. The threshold was found to be at a longer wave- 
length for a monomolecular layer (3 10" atoms per cm*) than for any other thickness. The 
maximum emission, however, occurs at about 5 atomic layers. The curves approach the wave- 
length axis quite steeply for thicknesses of a monomolecular layer or less, in contrast to an 
asymptotic approach for a greater number of layers. The curves are identical for thicknesses 
greater than 12 atomic layers. 


18. A visual study of the initial stages of spark breakdown in air. FRANK G. DUNNINGTON, 
University of California. (Introduced by Ernest O. Lawrence).—With the Kerr cell electro- 
optical shutter it has been found possible to observe visually the breakdown of a single spark 
at any stage of its development. This provides a means of determining the initial regions of 
breakdown (as indicated by their luminosity) and the manner in which the breakdown pro- 
gresses. At atmospheric pressure in an initially homogeneous field a faint diffuse path first 
appears connecting the electrodes. A bright spot then develops at the cathode and a con- 
ducting filament builds out from it meeting a filament of later origin which has come from the 
anode. The entire process requires slightly over 10° sec. for a gap of 6 mm. Initially non- 
homogeneous fields give various types of breakdown, the initial breakdown region being in the 
central part of the gap in some cases instead of at the cathode. Space charges that can produce 
field distortion sufficient to cause localized regions of luminosity can form within 5 X10~° sec. 
In general the effect of moisture in the air increases the field distortion. The low capacity 
nitrobenzene Kerr cells developed for this study have a time of cut-off less than 10° sec. In- 
creasing the capacity of the Kerr cell, keeping other factors the same, causes a retardation 
in cut-off (2.5 times the capacity gave a delay of 2X10~° sec.). 


19. The mobility of aged ions in air. N. E. BRapBury, University of California. (Introduced 
by L. B, Loeb).—Investigations by Marshall (Phys. Rev. 34, 618, (1929)) and Luhr (Phys. 
Rev. 35, 1394, (1930)) on the recombination of ions produced by intense x-radiation have shown 
that the coefficient of recombination decreases continuously as the age of the ions increases 
after the sharp initial drop due to non-random distribution. An investigation by Luhr and 
Bradbury (Phys. Rev, 35, 1398, (1930)) using the same source of ionization and ionization 
chamber on the mobilities of air ions aged over the same lengths of time using a Langevin 
method of low resolving power gave negative results. In the present investigations the value 
of the mobility of air ions produced in pure air by x-rays has been studied for ions between the 
ages of 0.04 sec and 1 sec. An absolute method devised by Tyndall and Grindley (Proc. Roy. 
Soc., 110, 341, (1926)) is used which consists essentially of the application of an intermittent 
alternating field to parallel plates immersed in a gas. The frequency of the alternations may 
be varied by means of a commutator system, and at a critical frequency a maximum occurs 
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in the electometer current-frequency curve from which the mobility may be calculated. For 
new ions of age less than 0.08 sec the average of all determinations gives 2.21 cm/sec/volt/cm 
for the mobility of the negative ion and 1.59 cm/sec/volt/cm for the positive ion in agreement 
with absolute values obtained by Loeb and Tyndall and Grindley. By varying the constants 
of the commutator system the ions could be aged for varying lengths of time. Mobilities 
measured after ageing show a decrease whose magnitude increases with increasing age until 
values 10 percent lower than the normal are reached at ages of 1 sec. This effect can be par- 
tially correlated with the decrease in the coefficient of recombination. 


20. The collision cross-section of thallium atoms for slow electrons. Ropert B. Brope, 
University of California.—The average collision cross-section of thallium atoms has been 
measured by sending a beam of electrons through thallium vapor and observing the decrease 
in intensity of the beam as a function of the pressure of the vapor. From these data the ab- 
sorption coefficient, a, i.e. the sum of the collision cross-sections of the atoms in one cubic 
centimeter of the gas at 1 mm pressure, has been calculated. a@ plotted as a function of the 
velocity of the electrons shows a sharp minimum at 1.4 volts, a=15, a maximum at 4.5 volts, 
a=51, and then sloping off gradually with a=31 at 25 volts and a=20 at 100 volts. The 
thallium atom appears to have about } of the effective collision cross-section of a mercury 
atom for 100 volt electrons. The numerical magnitude of a depends on the density of the 
thallium vapor which is calculated from the vapor pressure, using the equation, T log p=8890 
+8.55 T. However, the data from which this equation was obtained can not be relied upon 
sufficiently to attach much significance to the difference in size of the Hg and Tl atoms as 
measured by their effective collision cross-sections. The precision with which the relative 
values of the absorption coefficients can be observed is independent of this uncertainty of the 
vapor pressure. 


21. The production of high speed mercury ions without the use of high voltages. ERNEST 
O. LAWRENCE AND Davin H. SLoan, University of California.—F or studies of collision processes 
involving high speed charged particles we are developing methods for the production of such 
high speed particles which do not require high voltages. A method for obtaining high speed 
protons was described at the September meeting of the National Academy of Science (Science 
72, 376, (1930)). For heavier ions we are using a succession of cylinders arranged in line and 
connected alternately to the inductance of an oscillatory circuit. High frequency voltages of 
proper amount and frequency accelerate successively ions traveling through the tubes. This 
method has been demonstrated in principle by R. Wideroe (Ark. F. Elektrot, 21, 387, (1929)). 
Our initial experimental arrangement has yielded with little difficulty mercury ions of about 
90,000 volt electrons energy using a high frequency exciting voltage of 11,000 volts at a wave- 
length of 70 meters. A tube capable of much greater voltage amplification is under construction. 


22. Polarization of light scattered by H-atoms. Boris Povoisky, Los Angeles.—In the 
solution of the dispersion problem, if the size of the atom is not neglected in comparison with 
the wave-length of light, the scattered light is found to have a component of the electric 
vector in the direction of propagation of the incident light. The relative intensity of the two 
components of scattered light, when observed at right angles to the direction of propagation 
of the incident light, is computed as a function of the frequency. 


23. Selection rules and the angular momentum of light quanta. J. R. OpPENHEIMER, 
California Institute of Technology.—One may deduce the selection rules for angular momentum 
from the conservation laws for angular momentum by applying these laws to the system atom 
plus light quantum field. This is done most readily by taking a linear Hamiltonian for light 
quanta: this gives an angular momentum for the quanta which is in part orbital, an’ © t 
a spin momentum which is determined by the polarization of the quanta. In this way one 
obtains very simply the probability of a violation of the selection rules by the multipole radia- 
tion of the atom. 


24. On the theory of the scattering of high velocity electrons in hydrogen. HuGu C. 
WoLFeE (National Research Fellow), California Institute of Technology.—The scattering of 
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electrons by free protons and by free electrons at rest is investigated, using the Dirac tran- 
sition probability method. The wave functions used are Darwin's solutions for a free particle 
of Dirac’s linear wave equation. The interaction energy is the perturbation causing transitions. 
Random distribution of spins is assumed. The relativistic variation of mass with velocity is 
taken into account. It is found that spin and retardation effects are negligible in the protonic 
scattering, Mott's formula for nuclear scattering being therefore the best. For the scattering 
by electrons, three interactions are treated (1) electrostatic, (2) the Gaunt-Eddington form, 
including spin, (3) the Breit form, including also retardation. The resulting formulae are dif- 
ferent from each other and from Mott's non-relativistic formula by terms of order (v/c)?, 
differing in symmetry as well as in absolute magnitude. These formulae apply to scattering 
in hydrogen for velocities high enough to treat the proton and electron in the atom as in- 
dependent but not high enough to require keeping higher powers of (v/c), a good experimental 
region being from 125,000 to 200,000 volts. 


25. Dependence of Compton line breadth on scattering angle with the multicrystal 
spe ‘ograp) Jrsse W. M. DuMonp anp Harry Kirkpatrick, California Institute of 
Technology.—Jauncey, Wentzel and DuMond have each attributed the observed breadth of 
the Compton line to the velocities possessed initially by the electrons in the scattering body. 
To test the correctness of this assumption the authors have obtained photographic spectro- 
grams of the Compton effect with the multicrystal spectrograph with extremely homogeneous 
scattering angle for three scattering angles 633°, 90°, 155° (inhomogenity less than one degree). 
DuMond has shown (Phys. Rey. 33, 643, (1929)) that the Compton line breadth for a given 
scattering material and primary wave-length should increase with the scattering angle if the 
initial electron velocities cause the breadth. If Ad is the line breadth at say half maximum and 
é the scattering angle then, according to DuMond’s theory 

A\=K sin 36 approximately. 

The spectrograms and microphotometer curves show an increase in breadth of the Compton 
shifted line in agreement with this formula. The Compton line breadths however appear to 
be larger than those observed with the double spectrometer by Bearden and Gingrich and by 
the balanced filter method of Ross. Further investigations are in progress to determine if 
possible the cause of this discrepancy. 


26. Intensity of monochromatic x-rays reflected from platinum in the neighborhood of 
the critical angle. Hiram W. Epwarps, University of California at Los Angeles.—X-radiation 
from a water-cooled tungsten tube, operated at 50,000 volts, is made monochromatic by re- 
flection from a calcite crystal. The monochromatic ray (A =0.69A) is reflected from a platinum 
sputtered mirror at various small glancing angles in the region of the critical angle. The 
intensity of the ray retlected from platinum is measured by an ionization chamber and string 
electrometer. Experimental values of intensity are found to agree closely with those calcu- 
lated by the Fresnel classical formula as extended by Thibaud. 


27. The natural widths of some x-ray lines in the Z-spectrum of uranium. Joun H. 
WitiiaMs, University of California.—The double x-ray spectrometer, with previously examined 
crystals, has been used to measure the natural widths of the more intense lines in the L- 
spectrum of uranium at 50 kv. Most of the widths are observed in the (1, 1) anti-parallel 
position. Geometric corrections arising from the vertical spread of the beam have been applied. 
A broad focus tube has been used in order to insure a true measure of the width. These widths 
have been found to be greater than those observed for the MoK, doublet. The half widths 
at half maximum of the following lines are: ULa, (in 3 orders), 0.44 X.U.; ULg,, 0.50 X.U.; 
ULsg,, 0.32 X.U.; ULg,, 0.38 X.U.; ULy,, 0.25 X.U. Possible correlations with the transitions 
involved are suggested. 


28. Note on the statistics of nuclei. J. R. OPPENHEIMER, California Institute of Tech- 
nology.—Consider two similar stable configurations, each with p protons and e electrons. It 
is then possible to give a simple purely analytical proof that the exclusion principle for the 
electrons and protons requires that the total wave function for the two configurations be 
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symmetric or antisymmetric in the coordinates of the center of gravity of the two configurations, 
according to whether p plus e is even or odd. To establish this it is necessary to assume that 
the configurations are so stably bound that the interaction between the two systems does not 
appreciably distort their internal motion. This condition, which may be made precise, is 
necessary and sufficient for the validity of the theorem. 


29. Precision determination of the mass ratio of oxygen 18 and 16. H. D. Bascock and 
R. T. BrrGe, Mount Wilson Observatory and University of California. The theoretically simple 
upper level (!2) of the atmospheric oxygen bands has alone been used in this analysis. Each of 
the four series (P;, P2, Ri, and R2) gives an independent evaluation of the vibrational interval 
AGyj2 of the A and B bands (similarly for AG‘:/2 of the A ‘and B’ bands). One thus has an invalu- 
able criterion for the detection of inconsistent data due to blended lines. 54 consistent lines of 
the A and B bands, and 54 of the A’ and B’ bands are thus revealed. Using also the results of 
an analysis of the a and a’ bands, we obtain from the vibrational isotope effect, mass O' = 
18.0005 (assuming O”=16 exactly), with an apparent probable error of about one part in a 
hundred thousand. For the rotational effect only the P; and R, series are available, and it is 
more difficult to detect inconsistent data. From the four bands A, A’, B and B’, mass values 
varving from 18.002 to 18.016 can be obtained, depending upon the data included. The final 
results of this rotational isotope effect,—as calculated from consistent data by different methods, 
—are 18.0064 and 18.0074. These are in complete agreement with the vibrational result, when 
their greater probable error is considered. 


30. A tungsten surface with a dual work function. A. H. WARNER, University of California 
at Los Angeles —In a previous paper (Phys. Rev. 33, 815 (1929)) the author has attempted to 
explain certain photoelectric characteristics of a tungsten surface by making the assumption 
that contaminations occur in patches, which have a different work function than that of the 
metal. This assumption has been tested by means of a new tube in which one filament of com- 
mercial tungsten has been evaporated onto the walls to form a contaminated surface for which 
the photoelectric properties have been determined. Another filament of the same material has 
been used to measure the thermionic work functions of the clean and contaminated surface. 
It also acts as the anode for the photoelectric measurements. 

A photo-current first appears at 5800A. The current, though extremely small (about 107" 
amps) exhibits maxima and minima corresponding to the illuminating source. It suddenly in- 
creases in the vicinity of 2650A, and beyond this point is characteristic of a clean tungsten 
surface. 

It has been possible to activate the filament until it had a work function of 2.29 volts 
(5400A). It is well known that for pure tungsten the work function is 4.54 volts (2690A). 
These values are obtained by the use of the equation t= AT%e~*"'. 


31. Air resistance of high velocity projectiles. Paut S. Epstein, California Institute of 
Technology.—The resistance of a rigid body in a current of air is, for high velocities, due almost 
exclusively to the inertia terms of the hydrodynamic equations. It is, therefore, permissible to 
neglect viscosity, and then the problem can be solved rigorously, in the two dimensional case, 
for polygonal contours. The result is that in the limiting case of extremely high velocities v 
the resistance is given by pv*cos’aS; where p is the density of air, S the cross section of the pro- 
jectile and cos*a the mean square of the cosine of the angle between v and the normal to the 
surface of the projectile. For lower velocities the resistance is considerably above this limit. 
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